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Pulsed lasers are used therapeutically to selectively remove tissue with
minimal thermal and mechanical damage to peripheral tissue. The aims of this
research are to understand the governing mechanisms of pulsed infrared laser
tissue ablation, to obtain optimal laser parameters for precise laser treatment
without collateral damage, and to develop methods for efficient tissue removal
with the aid of liquid confinement.

The effect of a liquid layer on laser metal ablation was examined.
Acoustic pressure and optical reflectance provided information for determining
the dominant mechanisms during metal ablation. The liquid-assisted ablation

improved ablation efficiency and reduced the ablation threshold by as much as
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40 % with respect to ablation in air. The degree of ablation was contingent on
thermal and mechanical properties of the type of metal.

The dynamics of laser osteotomy in a liquid environment was explored.
The underlying mechanisms during liquid-assisted ablation included rapid
vaporization, plasma confinement, and cavitation with jet formation. Compared
to direct ablation, the liquid-confined ablation with higher ablation volume and
augmented acoustic excitation demonstrated the feasibility of liquid-enhanced
laser osteotomy.

Acoustic transient measurement with a piezoelectric microphone,
Schlieren flash photography, and temperature measurement with an IR camera
were employed to study ablation mechanisms and the effect of water spray during
long-pulsed laser ablation of dental tissues. Spray-assisted ablation created larger
pressure transients and enhanced ablation efficiency. Water cooling by the spray
provided a safe and efficient modality for dental treatment.

Finally, optimal laser parameters for laser lithotripsy such as wavelength
and pulse duration were studied. Higher light absorption of the Er:YAG (A =2.94
um) laser produced more material removal than the Ho:YAG laser. In addition,
during Ho:YAG laser lithotripsy, a smaller fiber diameter with a shorter pulse
duration reduced the operative time and cumbersome process due to retropulsive

kidney stone movement, providing efficient laser lithotripsy.
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Chapter 1: Introduction

1.1 MOTIVATION

The motivation of this dissertation research originated from my M.S.
research of laser-material interactions with solid-liquid interfaces. Although the
initial question with regard to mechanisms of pulsed laser ablation came from the
application of a liquid layer for laser machining, my research has become
involved in the underlying physics of the pulsed laser (near- and mid-IR) ablation
of biological hard tissues assisted by a liquid layer or spray.

The role of a liquid layer during laser ablation is to enhance optic-acoustic
energy coupling via explosive liquid vaporization [1-3], confine plasma
formation/expansion at high laser irradiance [4-7], and provide cooling as a heat
sink [8,9]. Previous studies reported that the application of a thin liquid film on a
target surface induces lower damage threshold as well as improved ablation
efficiency and surface quality [3,7-11], which suggest the potential application of

liquid for laser hard tissue ablation.



Laser ablation of tissue is employed in many clinical applications.
Although tissue ablation with high power pulsed lasers can be quite effective,
scientists and physicians still question the basic mechanism(s) associated with the
ablation process. Most important is the improvement of ablation performance and
minimization of undesirable mechanical/thermal damage to peripheral tissue.
Hence, my dissertation research is motivated by the desire to obtain a better
comprehension of underlying mechanisms of liquid-assisted hard tissue ablation

for clinical applications.

1.2  GOAL OF RESEARCH

The overall aim of this research is to comprehend physical phenomena
that take place during pulsed laser ablation of biological hard tissue and to
develop methods for efficient removal of tissue with minimal collateral damage to
surrounding regions with the aid of liquid confinement. The appropriate selection
of laser parameters such as wavelength, pulse duration, and radiant exposure and
the application of a transparent liquid layer on a target surface are essential to
improve ablation performance and reduce undesirable tissue damage.

The central hypothesis of the research is that variations in optical
parameters and the application of a liquid layer enhance the ablation process due
to efficient light absorption and explosive liquid vaporization. The specification

of enhanced laser tissue ablation has significant implications in laser therapeutics.



Therefore, my dissertation focuses on experimental evaluation of high power
pulsed laser radiation with biological hard tissue to identify optimal laser
parameters and specify the role of a transparent liquid layer in terms of
augmented ablation efficiency.

The specific objectives of this research are (1) to quantify
photoacoustical/photomechanical and photothermal effects during high power
laser radiation, (2) to demonstrate the enhancement of hard tissue ablation
efficiency by the application of a transparent liquid layer or liquid spray on the
target surface, and (3) study the effect of pulsed IR laser wavelength, pulse
duration, and liquid thickness on ablation efficiency.

The interaction of high power pulsed laser light with material is a very
complex phenomenon with many mechanisms. When biological tissue is the
target, these mechanisms become even more complicated. In order to achieve
these objectives, I have designed and performed experiments to (1) study
dominant laser ablation mechanisms in hard tissue, (2) optimize laser parameters
for ablation, and (3) provide an efficient means to remove targeted tissue and
minimize undesirable damage.

Due to the usage of various laser sources, the preceding goals have been
accomplished in the Biomedical Engineering Laser Laboratory (BELL) at the
University of Texas at Austin, W.W. Hansen Experimental Physics Laboratory at

Stanford University, and Biolase Technologies at Irvine, CA. Experimental



results have been verified by theoretical concepts of laser-tissue interaction and

have been applied to clinical studies of hard tissue ablation.

1.3 OVERVIEW

The research described in this dissertation is divided into four major
sections: laser metal ablation, laser osteotomy, laser dental ablation, and laser
lithotripsy. The dynamics and mechanisms of liquid-assisted ablation for
machining are explored in the laser metal ablation section. The other sections
focus on clinical implications, including studies of (i) ablation mechanism(s) with
hard tissues (bovine bone, human dental tissue, and human calculus) and (ii) the
role of a liquid layer and water spray during tissue ablation.

This dissertation contains eleven chapters, which have been presented at
conferences, published, or submitted for publication.

Chapter 2: Fundamental physics of laser-tissue interaction is discussed
regarding three mechanisms: photothermal, photoacoustical/photomechanical, and
plasma-mediated. Post-ablation phenomena (for example, plume dynamics and
recoil stress) and analytical ablation models are presented.

Chapter 3: Liquid-assisted metal ablation using a nanosecond laser pulse
is presented. Ablation process on a metal surface covered by a liquid layer is
experimentally characterized by means of ablation rate and acoustic pressure

measurements. Optical reflectance and SEM (scanning electron microscope)



images provide data for the role of bubble formation/expansion during metal
ablation. The laser source used in this study is the Ti:Sapphire (Ti:S) laser at
Stanford University. (To be submitted to Optics Express, and currently in review
by colleagues at Stanford University)

Chapter 4: A variety of metals with different material properties for
liquid-assisted ablation is examined. Various measurements such as ablation
threshold and depth, plasma formation, acoustic pressure, and optical reflectance
are conducted as a function of applied fluence. Results from these experiments
implicate the role of material properties in the ablation process during liquid-
assisted ablation. The Ti:Sapphire (Ti:S) laser at Stanford University is used for
these experiments. (To be submitted to Optics Express, and currently in review
by colleagues at Stanford University)

Chapter 5: The enhancement of bone ablation assisted by a liquid layer is
explored. Both acoustic and plasma signals describe the dynamics of bone
ablation in a liquid environment. Ablation volume measured with OCT (optical
coherence tomography shows the feasibility of improved laser osteotomy with
application of a transparent liquid layer. The laser source for this study is the Q-
switched Nd:YAG laser. (Published in IEEE Journal of Quantum Electrons [12])

Chapter 6: The effect of various liquid environments on laser bone
ablation is investigated. Ablation performance is experimentally compared by the

application of a liquid layer using different liquid types (water and



perfluorocarbon) and water spray. Microscope images depict the post-ablation
phenomena of each ablation condition. A clinical Er,Cr:YSGG laser is used for
this study. (To be submitted to Medical Physics, and currently in review by
colleagues at Biolase Technology, CA)

Chapter 7: The effect of liquid thickness on laser ablation performance is
discussed. Experiments during liquid-assisted laser ablation are conducted to
determine the optimal liquid layer thickness for Q-switched Nd:YAG and free-
running Er:YAG lasers. Ablation efficiency is compared as a function of liquid
thickness. (Currently in review at Journal of Applied Physics)

Chapter 8: Ablation mechanisms of spray-assisted laser dental ablation
using a clinical Er,Cr:YSGG laser are evaluated. Simultaneous fast flash
photography and acoustic transient measurements using a piezoelectric transducer
are performed to study the ablation processes. Various parameters such as energy
loss and spray flow rate are experimentally measured for the optimal ablation
efficiency. Temperature distribution and ablation volume measurement
demonstrate the medical advantages of the spray-assisted ablation during enamel
laser treatment. (To be submitted to Biophysical Journal, and currently in review
by colleagues at Biolase Technology, CA)

Chapter 9: Urinary calculus fragmentation between the free-running
Ho:YAG and Er:YAG lasers is compared. A previous study suggests that the

Er:YAG laser can be the efficient laser lithotriptor due to its high absorption of



calculus at 2.94 um [13]. By comparing the laser-induced crater width, depth, and
volume with the Ho:YAG laser, the feasibility of Er:YAG laser lithotripsy is
examined. (Published in Lasers in Surgery and Medicine [14])

Chapter 10: The effect of pulse duration on calculus retropulsion during
laser lithotripsy is described. A clinical Ho:YAG laser with two discrete pulse
durations is employed to fragment calculus phantoms as well as to evaluate
phantom retropulsion and ablation volume. High speed imaging monitors the
dynamics of the recoil action of a phantom. Fast flash photography and acoustic
transient measurements using a hydrophone characterize the dependence of
retropulsion process on bubble formation and collapse during laser lithotripsy.
(Published in Lasers in Surgery and Medicine [15])

Chapter 11: The major conclusions of my dissertation research are
summarized, and future directions for further research in laser-tissue ablation are
briefly outlined.

Appendix A: Lasers previously studied and clinically used in laser
lithotripsy are reviewed. This appendix provides the background of laser
lithotripsy and the direction toward efficient laser fragmentation of calculi.

(Published in Minerva Urologica e Nefrologica [16])



1.4 NOMENCLATURE AND NOTATION
The following table outlines the descriptions and dimensions of all the
nomenclature used throughout the dissertation.

Table 1.1. Symbols used in this dissertation

Symbol Description Units

FUNDAMENTAL PARAMETERS

p density kg/m’
m mass kg
A area cm’
V volume cm’
v specific volume m’/kg
z distance cm

t time S

v velocity m/s
E energy J

OPTICAL PARAMETERS

A wavelength pum
T, pulse duration ns, Us
Ua absorption coefficient cm’!
) penetration depth cm
R reflectivity

n index of refraction

o spot size pum
Qo radiant energy J
H radiant exposure at the surface Jem®
Hy, threshold radiant exposure J/em?
Rabi heat of ablation J/em®
F fluence Jem?
P radiant power w
¢ fluence rate W/em?
Ey irradiance W/cm?



1.5

THERMAL PARAMETERS

T temperature K

T. critical temperature K

k thermal conductivity W/m-K
Cy specific heat at constant volume J/kg'K
cp Specific heat at constant pressure J/kg'K
y ratio of specific heat

a thermal diffusivity mm?/s
T thermal diffusion time us

MECHANICAL PARAMETERS

o surface tension N/m
Porp pressure N/m
Drec recoil stress N/m
T acoustic diffusion time us
Z acoustic impedance kg/m*
c speed of sound m/s

UNIVERSAL CONSTANTS AND MISCELLANEQOUS

Ror R, universal gas constant = 8.234 J/mol-K
ky Boltzmann constant = 1.381x 10" W-s/K
G, Gaussian correlation
p probability
7. critical radius for bubble formation um
d thickness m
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Chapter 2: Pulsed Laser-induced Ablation

2.1 INTRODUCTION

Clinical applications of laser ablation began in the 1980’s for ophthalmic
dissection [1]. Since then, medical procedures employing pulse lasers have been
presented in a variety of medical subspecialties such as dermatology, dentistry,
gynecology, neurosurgery, orthopedics, and urology [2-7]. In the infrared (IR)
region, pulsed lasers evaluated for the usage in clinical field are the Q-switched
Nd:YAG (4 = 1.064 pm), Thulium:YAG (4 = 2.01 pum), Holmium:YAG (4 = 2.12
pm), Erbium,Cr:YSGG (4 =2.79 um), Ertbium: YAG (4 =2.94 pm), CO, (1 =10.6
pm), and FEL (Free Electron Laser, A =2 ~ 8 um). The pulsed IR lasers provide
the means to achieve precise and efficient cutting and to minimize either
excessive thermal and/or mechanical damage to the peripheral tissue. The
appropriate selection of laser parameters, thereby, is essential to obtain a

successful outcome from pulsed laser surgery.
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2.2 NEAR-FAR INFRARED RADIATION

In the infrared spectral region, the principal light absorbers are water and
protein. The absorption spectrum of water is governed by the resonance of its
symmetric and asymmetric stretch modes, which correspond to strong absorption
peaks of water at A = 0.96, 1.44, 1.95, 2.94, 4.68, and 6.1 um [8]. In case of
protein, a variety of vibrational modes of the peptide bond (O=C—N-H) dominate
infrared spectra. Of particular interests are the amide I and amide II bands at A =
6.1 um and A = 6.45 um, respectively due their strong light absorption [9]. It is
noted that water and protein share an absorption peak at A = 6.1 um, which

provide an alternative wavelength suitable for efficient laser-tissue ablation.

2.3 LASER-TISSUE INTERACTION MECHANISMS
2.3.1 LASER-INDUCED ABLATION IN NON-SCATTERING MEDIA

The goal of laser-induced ablation is the efficient removal of target tissue
with minimum damage to surrounding tissue. Physical interactions of later-tissue
ablation are contingent upon laser parameters (wavelength, pulse duration, and
radiant exposure) and tissue properties (optical, thermal, mechanical, and
chemical) [10-18]. Regardless of ablation mechanisms, absorption of laser energy
initiates ablation. Assuming that a target tissue is a non-scattering medium, the
absorption of laser energy can be characterized by the absorption coefficient, x,

[cm'] of the target. The higher the absorption coefficient, the more absorbed
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laser energy is concentrated at the surface of the target. The fluence, F(z) [J/cm’]
of a laser beam inside a target, which represents the energy distribution as a
function of depth, z [cm], is determined by both the incident laser radiant
exposure at the surface, H [J/cm?] and the absorption coefficient (u,), assuming
light scattering is no larger than absorption [15,16,19]. According to Beer’s law,

the fluence, F(z) [J/cm®] exponentially decreases with the depth, z [cm]:

F(z)=(1-R)-H-exp(~p, -2) @.1)

where R represents the reflectivity of a target surface. The optical penetration
depth, 0 [cm] is the depth at which the energy of a collimated laser is reduced by
37% (a factor of 1/e) of the incident energy. This depth is defined as the

reciprocal of the wavelength dependent absorption coefficient, u, (1)

S(1) = —— (2.2)

w,(4)

Typically, the outcome of laser-induced tissue ablation is the combination
of two or more mechanisms. Nevertheless, in pursuit of simplicity, laser ablation
mechanisms are typically categorized into two groups dependent upon pulse

duration: photothermal and photomechanical.

2.3.2 PHOTOTHERMAL ABLATION
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Temperature rise in tissue induced by laser pulse durations over 100 ps is
the most common laser-tissue interaction feature. In a photothermal interaction,
the absorption of laser light converts optical energy into thermal energy (heat).
For high peak temperatures, vaporization, carbonization, and melting occur
[16,19].

Thermal energy in the irradiated zone that dissipates into surrounding
regions through the process of heat diffusion can generate undesirable collateral
damage. Damage to adjacent tissue can be minimized or eliminated by the
selection of wavelengths and pulse durations that reduce the degree of thermal
diffusion. The time which is required for the initial deposited laser energy to
move beyond the irradiated volume is called thermal diffusion time, 7, [us] and is

defined as

52
Ty = when rp>9 (2.3)
4o
2
7
T, =— when ryp<d (2.4)
da

where « is the thermal diffusivity [mm?/s] and r, is the laser spot radius [um)].
When the laser pulse duration, 7, [ps] is shorter than the thermal diffusion time, 7,
(i.e. 7, < 1), the absorbed energy accumulates within the region of absorbed

photons which is characterized by the laser spot diameter and penetration depth of
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the laser beam. Since little heat diffusion from this region occurs during the laser
pulse, the accumulated thermal energy results in local destruction and removal of
the irradiated tissue without significant heat diffusion to adjacent regions. From
the onset of laser pulse to the end of the pulse or the occurrence of ablation, the
temperature rise (47) inside the region of light absorption is estimated as a

function of the absorption coefficient as follows:

(1-R)-H
ar =t UZRH
pe,

s (2.5)
where p is the tissue density (kg/m’), ¢y 1s the specific heat at constant pressure
(J/kg'K), and z is depth (cm). Typically, a temperature increase to > 100 °C
induces vaporization of water and/or thermal decomposition (ablation).

When 7, > 74, the absorbed laser energy is not confined to the ablation
process, and thermal damage occurs in the form of coagulation and carbonization

of tissue.

2.3.3 PHOTOMECHANICAL ABLATION

With sub-microsecond laser pulses, photomechanical/photoacoustical
interactions result from the conversion of laser energy into mechanical energy by
the rapid temperature increase. Thus, a target tissue experiences impulsive stress

waves (for example, acoustic and shock waves) during the laser pulse. To induce
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the accumulation of stress waves responsible for the ablation process and/or
physical damage to adjacent tissue, the laser pulse duration (z,) should be shorter
than the acoustic diffusion time, z, [us] which is the time required for the stress
wave to propagate out of the irradiated volume in the tissue. Since the stress
wave travels through a medium at the speed of sound in the tissue, ¢ [m/s], the

acoustic diffusion time is defined as

(2.6)

Photomechanical/photoacoustical interactions when 7, < 7, build up
mechanical stresses, inducing tissue ablation initiated by thermoelastic expansion,
intense acoustic pressure/shock waves, ablative recoil, and cavitation disruption

[16,19].

2.3.4 PLASMA-MEDIATED ABLATION (PHOTODISTRUPTION)

For pulse durations in the nanosecond and ultrashort range, the physical
mechanism responsible for optical breakdown has been identified as avalanche
ionization via inverse bremsstrahlung [16,20]. Upon the initial vaporization of a
superficial layer, one or more seed electrons generated via thermal ionization at a
target surface can absorb the incident photons and collide with atoms or

molecules (inverse bremsstrahlung absorption), resulting in more free electrons.
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Thus, the electron density grows exponentially and exceeds a critical electron
density of 10" — 10 cm™ during the laser pulse, which consequently generates
high temperature (up to 10000 K) and pressure (> 1 GPa) plasma [16,21-23].
Once formed, the plasma leads to rapid heating of material in the focal volume,
accompanied with shock wave generation and cavitation along with jet formation
in liquid. For nanosecond pulses, the laser-induced mechanical impact is
responsible for tissue ablation, which is termed as photodistruption [16]. When
the laser pulse duration exceeds the onset of plasma formation, the plasma further
absorbs and scatters the incident laser energy, which consequently gives rise to

plasma shielding.

For each dominant confinement region, it may be possible to optimize
laser parameters and to enhance ablation performance for particular clinical
applications. Figure 2.1 illustrates the pulse duration versus optical penetration
depth for various lasers, and the dotted lines describe the dominant confinement

during ablative process.
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function of laser pulse duration (z,) for various lasers: each dotted

line determines a governing mechanism of laser-induced tissue
ablation [12]

24  ABLATION PLUME DYNAMICS
2.4.1 PLUME FORMATION AND EXPANSION

Typically, material rejection in the forma of a plume and vaporization
characterize the ablation process. The ablation plume consists of water vapor,
gaseous organic products, and particulate tissue fragments. For nanosecond
pulses, the initial ablation occurs along with a plume that propagates a shock
wave to the surrounding air; this is followed by the ejection of a majority of the
ablated material. On the other hand, for microsecond pulses longer than 100 ps,

plume formation and expansion concomitantly take place during laser irradiation:
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an ablation plume develops on a much longer time scale, influencing the optical
energy coupling to the target as well as plume dynamics. Dominant mechanisms
of tissue ablation for both pulse regimes are a phase explosion for mechanically

weak materials and water components in the tissue.

2.4.2 RECOIL STRESS

Recoil stresses occur during plume expansion and particle ejection, which
impart recoil momentum to the tissue. Under stress confinement of tissue
ablation, the compressive transient of recoil stress superimposing on a bipolar
thermoelastic wave is used to determine the ablation threshold [24]. The recoil
stresses generated via phase explosion can also cause a secondary material
expulsion process in liquids or a molten layer of tissue during ablation, leading to
the increase of ablation efficiency. Material ablation is promoted when the radial

component of recoil stress exceeds the mechanical strength of the tissue.

2.5 ABLATION MODELS

Based on knowledge of laser parameters, many ablation models have been
proposed including heuristic (blow-off and steady-state) models, mechanistic
(steady-state vaporization and thermomechanical) models, and molecular
dynamics simulations [25-28]. These models predict ablation quantities; for

example, the amount of material removed, the threshold radiant exposure, or zone

19



of residual thermal damage. Since ablation phenomena are complex processes
involved in various laser and tissue parameters, it is quite difficult to develop a
single model to represent all ablation mechanisms. However, future experimental
studies and empirical findings will provide greater insight into the physics of
laser-induced ablation. More sophisticated models can thereby be established to

yield more accurate predictions for ablation outcome.

26  OPTIMAL AND SELECTIVE ABLATION

The accomplishment of high precision in laser tissue ablation requires the
selection of the optimal laser wavelength and short pulse duration: the
appropriate wavelength can achieve a small optical penetration depth confining
the energy deposition to a small volume in tissue, and the short pulse duration can
sufficiently provide thermal confinement for precise ablation or even stress
confinement for more efficient material removal. In order to remove a target
tissue with minimal collateral damage, the laser ablation process needs to be
limited to the targeted structure. Therefore, the achievement of selective ablation
involves understanding/utilizing of the optical properties of the tissues and online

monitoring with active feedback of laser ablation procedure.
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Chapter 3: Laser Ablation in a Liquid-confined Environment
Using a Nanosecond Laser Pulse

3.1 ABSTRACT

Laser ablation of Aluminum metal with 1 ns, 800 nm pulse was
investigated in air (dry) and water (wet) environments. Compared to dry ablation,
an approximately 8 times increase in ablation rate was associated with wet
ablation. Based on optical reflectance and SEM images, bubble
formation/collapse was responsible for augmented acoustic pressure and ablation
rate. Temperature distributions during wet ablation were consistent with the
occurrence of explosive water vaporization near the spinodal limit. Radial
expansion of bubbles minimized the redeposition of debris, leading to

improvements in energy coupling to the target and ablation performance.

3.2 INTRODUCTION
Enhancement of laser ablation in the presence of a liquid layer has been of
interest in various technical and medical areas, such as surface contaminants

cleaning [1-4], laser shock processing [5], nanoparticle formation [6], micro-
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structure fabrication [7], laser osteotomy [8,9], and dental tissue ablation [10].
Depending on the applications of liquid-assisted ablation, various irradiation
parameters such as wavelength, pulse duration, and radiant exposure have been
investigated. In addition, the effect of water or other liquids on laser ablation has
been evaluated in terms of inducing explosive vaporization and/or confining
plasma expansion [11].

Recent studies reported enhanced ablation efficiency by the addition of
water during laser irradiation [12,13]. Near the damage threshold regime, the
steam-assisted process induced lower damage threshold as well as higher ablation
performance than direct ablation, owing to the additional photomechanical effect
associated with explosive vaporization [14]. At high radiant exposures,
confinement of plasma expansion in the liquid layer intensified acoustic pressure
and increased shockwave duration, consequently promoting material removal
efficiency [12].

The role of liquids such as water during laser ablation involves heat
transfer (conduction and/or convection) and bubble motion which contributes to
the removal of ablated particles redeposited on the surface and reduces the
oxidation of debris [13]; therefore, the increased energy coupling to the target
leads to clean and precise laser machining. In addition, due to high heat capacity,
water effectively cools the target preventing excessive heat accumulation. Rapid

temperature increase during plasma formation/expansion produces cavitation
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bubbles in the liquid [15], and the shockwave emission generated by bubble
implosion and/or liquid-jet formation during bubble collapse provides a
substantially strong pressure impact on the target as an additional
photomechanical effect [16].

In this study, we describe the use of a nanosecond laser pulse in
combination with a liquid layer. It is hypothesized that the liquid-assisted laser
ablation will lower the damage threshold and augment ablation efficiency via
explosive vaporization and cavitation. Liquid with a thickness of 1 mm is
deposited on the surface of the aluminum, and the effect of bubble formation
during laser ablation is monitored in situ by optical reflectance and acoustic wave
measurements. Ablation efficiency of aluminum is evaluated for direct (termed
“dry”) and liquid-assisted ablation (termed “wet”) over a broad range of laser
radiant exposures in the nanosecond regime. All experiments are conducted

below the plasma threshold.

3.3 MATERIALS AND METHODS

Mechanically polished Aluminum (1x1 inch) with a thickness of 0.032
inch was used for ablation experiments. Samples were irradiated at various
radiant exposures with single and multiple pulses. To perform liquid-assisted

ablation, a 1-mm thick plastic (Depron) ring was placed on the sample surface to
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maintain a consistent liquid layer thickness. Distilled water was deposited inside
the ring before the laser irradiation.

Laser ablation experiments were conducted using a Ti:Sapphire (Ti:S)
laser at Stanford University (4 = 800 nm and 7, = 1 ns at FWHM). A schematic
diagram for the experiments is shown in Figure 3.1. The laser beam produced a
Gaussian spatial distribution of energy, and to achieve a long Rayleigh length, an
Au lens with a focal length 2 m focused the laser beam on the sample surface in
conjunction with two mirrors. Using a knife-edge measurement, the spot size was
determined as 250 pm in diameter at the focal point. A polarizer was used to
produce a triggering signal and to vary energy levels up to 1.1 mJ; pulse energy
was monitored by an energy meter (Laserstar, Ophir Optronics, Inc., MA) with a
beam splitter. Either single (3 Hz), 100 (10 Hz), or 500 (10 Hz) pulses was
applied to evaluate ablation performance for dry and wet conditions. The
absorption coefficient of the water at 800 nm was 0.01 cm’ [17]; therefore, the
liquid layer was rather transparent for the laser beam without substantial light
absorption.

For single pulse experiments, the transient pressure generated during laser
ablation was monitored experimentally using a commercial piezoelectric
transducer with a bandwidth up to 100 MHz (WAT-04, Science Brothers, Inc.,
Houston, TX). The transducer was mounted below the target, and in order to

match acoustic impedance between the sample and the transducer, a 1-mm thick
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plastic ring was attached on the transducer surface and filled with distilled water.
In case of multiple pulse experiments, ablation performance and surface
tomography were examined with a stylus profilometer (CNMS, University of

Texas at Austin) at various radiant exposures.

Aul
Polarizer BS (fU: t;rr:f)
Ti:sapphire Laser \
(800 nm, 1 ns)

f=50 mm
] T EI 0 \M
; cw HelNe i
- =
| Energy
Energy meter detector PD /IF : Plastic ring
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PD - : - 'Sample
[
Triggering Piezoelectric
signal transducer

l

Oscilloscope

Figure 3.1. Schematic illustration of laser ablation with optical reflectance and
acoustic pressure measurements. BS: beam splitter, M: mirror, PD: photodetector,
IF: interference filter

27



Bubble formation during wet ablation was detected using the continuous
wave HeNe probe laser beam (4 = 632.8 nm), which was directed with a 50 cm
focal lens onto the center of the laser irradiated area. The reflectance signals were
detected by a fast photodetector (DET 200, Thorlabs, NJ) along with an
interference filter to reduce noise. The reflectance decreased due to scattering
losses when bubbles formed on the surface [18]. Since the photothermal
reflectance from the target surface was negligible, transient variation in the
reflectance below the damage threshold of dry ablation provided an indicator of
bubble dynamics on the surface. Both acoustic transients and optical reflectance
signals were measured with an oscilloscope, which was triggered by the laser
beam reflected at the polarizer. As a post-experimental analysis, the surface
topography was evaluated by Scanning Electron Microscope (SEM). Damage
thresholds for dry and wet cases were correlated with the measured acoustic

transients and the SEM image of the ablated spot.

3.4  RESULTS

Figure 3.2(a) displays the cross-sectional images of aluminum sample
under dry and wet ablation with 500 pulses at the radiant exposure H = 1.43 J/cm®
per pulse. For dry ablation, an irregular profile of the ablation crater with a depth
of 1.5 pm and extruded ridges was evidently observed. By contrast, wet

condition created a deeper (~ 12 um) ablation crater with relatively uniform V-
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shape without a raised portion on the periphery. In these measurements, the
topography of the ablated areas depended strongly on the applied radiant exposure.
Ablation rates for both cases with 100 pulses were compared as a function of
radiant exposure in Figure 3.2(b). The ablation rate was defined as the measured
depth of each crater divided by the number of applied pulses. Wet ablation
resulted in a significant increase in ablation rate compared to dry ablation over all
exposures tested. The improvement factor of wet ablation was up to ~ 8. Dry
ablation demonstrated the saturation behavior of material removal rate after the
onset of multiple-pulse ablation in our experiments; for the radiant exposures
tested (all below plasma threshold), energy was insufficient to induce bulky
material removal during dry ablation (see Figure 3.2(a)).

Peak acoustic amplitudes measured by a piezoelectric transducer during
dry and wet conditions were compared at various radiant exposures with a singe
pulse (Figure 3.3). The acoustic signal threshold for dry ablation occurred at 0.71
J/em® whereas wet ablation induced the lower acoustic inception at 0.41 J/cm®.
Each acoustic threshold corresponded to the damage threshold (defined as surface
disruption, for example, visible pits on the ablated spot near the threshold)
confirmed by SEM images. The peak acoustic amplitudes for both conditions
increased with radiant exposure. The peak pressure for wet ablation at the
maximum radiant exposure (2.24 J/em?®) was 2.7 bars, which was more than an

order of amplitude higher than dry ablation at the same exposure.
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The kinetics of bubble growth was examined for wet ablation with a single
pulse by monitoring surface reflectance of a HeNe beam in conjunction with the
pressure measurements. At lower radiant exposures, the reflectance signal
remained unchanged; however, when the radiant exposure exceeded the wet
damage threshold (0.41 J/cm?), transient changes of both the reflectance and
pressure signals were observed as shown in Figure 3.4. Surface deformation of
the Aluminum sample induced by cavitation during wet ablation was also
observed in SEM images (Figure 3.5). A series of circular ripples was randomly
distributed on the sample surface, which possibly resulted from multiple-bubble
formation and expansion. In case of multiple pulses, the trace of cavitation
bubble was less noticeable than singe pulse due to material removal (Figure

3.5(b)).
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Figure 3.5. SEM images of Aluminum for wet ablation with (a) H = 1.43 J/cm®
and a single pulse and (b) H = 2.24 J/cm® per pulse and 100 pulses (Arrows
indicate the trace of bubbles)
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3.5 DISCUSSION

The degree of wet damage threshold was documented by SEM images,
which was correlated with the inception of acoustic and reflectance signals.
Optical reflectance indicated the influence of bubble growth behavior on the
ablation process at the wet threshold; the lower wet ablation threshold was
associated with liquid vaporization. In contrast, due to rapid heating of the
surface by the ns pulses, dry ablation was the result of surface vaporization at
randomly distributed nucleation sites in a molten aluminum layer. An additional
effect of bubble formation accounted for the wet process. To explain the effect of
cavitation on wet damage threshold, a one dimensional temperature distribution at
the end of the 1 ns pulse with # = 0.41 J/cm® was calculated using conductive

heat transfer between the water-aluminum interfaces (Figure 3.6) given by

0 0
(). ;S =a—az<ks af)+(1—R)/wa)exp(—uaz) 3.1)
o, _ 0, o
(,DC)IE— P (k, aZ) (3.2)

where subscripts s and / indicate the aluminum and the water layer respectively, p
density, ¢ specific heat, T temperature, ¢ time, z the coordinate normal to the
sample surface, k& thermal conductivity, R reflectivity of the laser beam at the

aluminum surface, u, absorption coefficient of the aluminum, and ¢ (2) (W/m?)
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fluence rate. Although the peak temperature at the interface was lower than the
vaporization point of aluminum, the temperature in the water medium (within 20
um of the target) approached to the critical temperature of water (7. = 647 K) as
(OP/0V)r = 0 (P and V are pressure and volume of water, respectively), and the
initiation of phase explosion developed as 7'~ 0.857, [19]. The critical radius (7.)
for homogeneous nucleation can be expressed as

20

- 33
B Tyexp{v,[B - P (D) R TP (3.3)

sat

where a, T}, Py, Py, 01, and R, are the surface tension of the liquid, the temperature
of the superheated liquid, the saturation pressure at the superheated liquid
temperature, the pressure of the superheated liquid, specific volume, and gas
constant, respectively [19]. Based on the equation 3.3, the estimated size of
bubble for homogeneous nucleation when 7' = 0.857, was < 10 nm, which was
much smaller than the superheated liquid region (~ 20 pm). Thus, as the liquid
layer became metastable (superheated), the metastable region initiated
homogenous bubble formation accompanied by spherical shock wave generation.
Therefore, this process validated the expectation of explosive vaporization (Figure

3.4). All the parameter values for calculations are listed in Table 3.1.
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Table 3.1. The properties of aluminum and water used for calculations [20-22]

400

Property Value Property Value
ps (kg/m®) 2684.95 R 0.87
pi(kg/m’) 1000 7;(K) 550
¢s (J/kg'K) 900 Py (MPa) 5.942
c1(J/kgK) 4186.8 P;(kPa) 101
ks (W/mK) 138.5 vi(m’/kg) 0.001317
ki (W/m'K) 0.611 o (N/m) 0.0197
Uq (mm™) 1327322.9 R, (J/kg) 462
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Figure 3.6. Temperature distribution after the short laser pulse (1 ns)
inside water and aluminum media at /= 0.41 J/cm
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A strong pressure emitted during the rapid expansion of micro-bubbles
caused surface damage [16], which was responsible for lower wet damage
threshold and higher acoustic pressure (Figure 3.3), creating little pits on the
aluminum surface. If the conical pits were generated on the surface, it was
conceivable that vapor gas remained trapped in the pits. With the reduction of
liquid pressure at higher radiant exposure, the conical pits could generate a stream
of vapor bubbles as possible nucleation sites [23]. The effect of laser pulses at the
liquid-aluminum interface increased temperature sufficiently to produce a phase
change (melting of aluminum surface), which induced lower shear stress. Thus,
bubble formation/collapse in the water impinged upon the aluminum creating
surface deformation such as multiple circular ripples on the surface (Figure 3.5).
In addition, previous studies reported that during both spherical and hemi-
spherical bubble collapses near the rigid boundary, a high-speed, liquid-jet
impinges on the surface. The jet is associated with high impulsive pressure
(Figure 3.3) as additional mechanical impact improving ablation rate (Figure 3.2).
Taking V as the collapse velocity, the pressure developed on impact is
approximately P = Zj s V. Based on the solution of this equation for bubble
collapse pressure (characteristic impedance of water Zjguiq = 1.46 x 10° kg/mzs
and V' = 130 m/s) [23], one can obtain P = 190 MPa, which exceeds the Vickers
hardness of aluminum (167 MPa) responsible for plastic deformation and high

pressure impact.
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Another role of the water layer is a “cleaning” effect that prevents debris
redeposition and increase energy coupling to the surface. As shown in Figure 3.5,
radial water flow resulting from bubble expansion/collapse supplementarily
precipitated the convective flow (v,) of the aluminum molten layer due to
variations in surface tension (g,;) of the material (thermocapillary effect [24]).
Since v, o« 0o,/0T, for laser-light intensities with multiple pulses, the flow
increased hydrodynamic instabilities (called Kelvin-Helmholtz [24]) at the water-
aluminum interface. Therefore, more disturbances at the interface caused the
pressure to increase with removal of ablated debris, resulting in enhancement of

ablation performance.

3.6 CONCLUSION

We investigated laser ablation of Aluminum with 1 ns pulse under dry and
wet conditions over a range of radiant exposures below the plasma threshold. The
ablation rate of wet case was approximately 8 times faster than that of dry. Wet
damage threshold was determined by pressure/optical reflectance detection and
SEM images. Lower damage threshold and enhanced acoustic pressure with
higher ablation performance during wet ablation were a result of explosive water
vaporization and liquid-jet formation. Convective bubble motion contributed to
the removal of debris redeposition, improving energy coupling and clean laser

ablation process.
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Chapter 4: Evaluation of Liquid-assisted Laser Ablation with
Various Metal Samples

41  ABSTRACT

We extended our previous investigation on the effect of a 1 mm water
layer upon laser (800 nm, Ins) ablation efficiency of aluminum to include indium,
tin, copper, and nickel. Ablation threshold, crater depth, plasma characteristics,
and acoustic transients as a function of fluence were compared to material
properties. For all samples, wet ablation produced a larger ablation depth with
increased acoustic transients than dry ablation. Wet ablation enhancement was
the result of water vaporization, plasma confinement, and cavitation with jet
impact. For dry and wet ablation, decrease of damage threshold and increase of
ablation performance depended upon lower melting point and hardness in the

order of indium, tin, aluminum, copper, and nickel.

4.2 INTRODUCTION
Pulsed laser ablation of materials with solid-liquid surface has long been a

subject of interest due to increased ablation efficiency and improved surface
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quality [1-4]. In our previous study with aluminum, a liquid layer lowers the
damage threshold by 40 % and wet ablation yields eight times greater ablation
rate than dry ablation. Higher acoustic pressures are generated during wet
ablation [5]. The mechanisms of ablation under a layer of water appear to be a
combination of explosive water vaporization with better optical-acoustic energy
coupling, plasma confinement at high laser intensities, and cavitation with liquid
jet formation [2,6-8].

To further understand the underlying mechanisms of liquid-assisted
ablation and to improve the efficiency of laser processing, researchers have
evaluated laser parameters (wavelength, pulse duration, radiant exposure, and
number of pulse) [2] and various liquid configurations (spraying water vapor,
flowing a water film, and submerging samples in a water cuvette) [1,6,9,10].
Although various studies in terms of liquid-assisted ablation have been carried out
seeking an optimal combination of laser and liquid conditions, the influence of
thermal and mechanical properties on laser ablation under liquid environment is
poorly understood.

In this study, we evaluated the effect of liquid-confined laser ablation with
a variety of metal samples of different material properties. A water layer of 1 mm
thickness was deposited on each sample surface to minimize the effect of
variations in liquid thickness. ‘Damage threshold’ was defined as surface

modification such as tiny conical protrudes, determined by an optical microscope.
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In situ examinations of plasma detection, acoustic transients, and optical
reflectance were conducted to study the sequence of events associated with liquid-
assisted ablation and the role that material properties have upon the ablation
process. Ablation depth for each material was compared under direct (termed
“dry”) and liquid-assisted conditions (termed “wet”) over a broad range of laser
fluences in the nanosecond regime. The fluence used throughout this report
represents the actual radiant exposure applied to the sample, excluding surface

reflectance.

43  MATERIALS AND METHODS

For laser ablation tests, samples (25x 25 mm and 0.5 mm thick) of indium,
tin, aluminum, copper, and nickel were tested. Physical properties of these
materials are listed in Table 4.1, and the reflectance of each sample was measured
using a spectrophotometer (Cary SE, Palo Alto, CA) at University of Texas at
Austin. Each metal was irradiated at various fluences with either a single pulse
gated while the laser was running at 3 Hz or 100 pulses (10 Hz) for ablation
efficiency tests. A 1 mm thick plastic (Depron) ring was attached on top of a
sample surface. Distilled water was deposited inside the ring prior to irradiation.
The absorption coefficient of the water at the wavelength of interest (800 nm) was
0.01 cm™ [11], so that the layer was effectively transparent for the laser beam

with insignificant light absorption.
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Experiments were carried out using a Ti:sapphire (Ti:S) laser at Stanford
University (wavelength 4 = 800 nm and pulse duration 7, = 1 ns at FWHM). A
schematic diagram of the main experimental setup is illustrated in Figure 4.1.
The laser beam had a Gaussian spatial distribution of energy, and a plano-convex
lens with 1 m focal length focused the beam on the sample surface. The focal
point spot diameter for all experiments was 105 um (1/e%). A polarizer with a half
wave-plate for consistent beam attenuation was used to vary pulse energy levels
up to 0.7 mJ; pulse energy was monitored by an energy meter (Ophir Optronics
Inc., Danvers, MA) with a beam splitter. A high-speed Si photodetector (DET200,
Thorlabs, NJ) detected reflected light from the lens surface for a triggering signal
to measure plasma temporal profile, acoustic transients, and HeNe scattering

signals on a digital oscilloscope (Tektronix TDS 620B).

Table 4.1. Optical, thermal, and mechanical properties of target materials [12-15].

Property Indium Tin Aluminum | Copper | Nickel
Reflectance 0.79 0.76 0.56 0.84 0.67
Absorption coefficient (um™) 103.7 105.9 132.7 78.7 68.8
Melting point (°C) 156.6 231.9 660.4 1083 1453
Boiling point (°C) 2080 2270 2467 2567 2732
Thermal conductivity (W/m-K) 81.8 66.8 237 401 90.9
Latent heat of evaporation (J/g) 2024 2497 10800 4796 6378
Thermal expansion (um/m-K at 25 °C) 32.1 22.0 23.1 16.5 13.4
Vickers hardness (MPa) <98 <88.2 167 369 638
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The transient pressure generated by a single pulse was monitored using a
commercial piezoelectric transducer with a bandwidth up to 100 MHz (model
WAT-04, Science Brothers, Inc., Houston, TX). The transducer was placed
below that target, and a 1 mm thick plastic ring was attached on the transducer
surface to match acoustic impedance between the sample and the transducer.
Plasma formation was monitored with a photodetector with an interference filter.
Plasma light reflected by a mirror was focused onto the photodetector by a 38.1
mm focal length lens mounted on the XY translation stage. In case of wet
ablation, the HeNe laser beam (4 = 632.8 nm) was directed with a 333 mm focal
length lens onto the center of the laser irradiated area, and reflected light was
measured with the optical reflectance probe using a fast photodetector. An
interference filter was inserted in front of the photodetector to reduce noise. The
optical reflectance using the HeNe beam monitored decreased reflectance due to
scattering losses when bubbles formed on the surface [16]. All the acoustic,
plasma, and reflectance signals were recorded on the oscilloscope, which were
triggered by the laser pulse.

For experiments with a sequence of 100 pulses at 10 Hz, the ablation
efficiency and surface topography for all the targets tested were examined after

the experiments with a stylus profilometer (CNMS, University of Texas at Austin).
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Figure 4.1. Schematic (a) and photograph (b) of the experimental setup used in
laser ablation
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44  RESULTS

Typical cross-sectional profiles of ablation craters for all the samples
tested are presented in Figure 4.2. In general, wet ablation created deeper (~ 80
pm for indium) and wider ablation craters with relatively uniform and smooth
shape and with either less or no extruded ridges around the spot, compared to dry
ablation. However, there were wide differences in the degree of this trend. In the
case of indium and tin which had lower melting points, dry ablation craters were
slightly less deep with a raised portion on the periphery, compared to wet ablation
craters. Aluminum samples had the greatest difference between dry and wet
conditions in terms of material removal. Materials with higher melting point and
hardness such as copper and nickel showed that wet ablation was more efficient
than dry although the degree of material removal was much lower than other
samples (note a different scale in ablation depth in Figure 4.2). To evaluate
ablation performance for each material, ablation depth was displayed as a function
of fluence per pulse (Figure 4.3). Fluence values were computed as actual pulse
energy divided by spot size (1/¢”). The depth for dry and wet ablation increased
with the fluence per pulse, and wet ablation resulted in significant increase of
ablation depth compared to the dry condition. Wet ablation with 100 pulses
induced material removal up to 85 um where as dry ablation produced up to 62
pm (for indium shown in Figure 4.2). In case of indium and tin which had lower

melting points and hardness, both dry and wet ablation presented a comparable

46



increased rate of ablation depth. On the other hand, the samples with relatively
higher melting points and mechanical hardness had wet ablation depths
approximately up to five times deeper than dry ablation. It was also noted that the
degree of ablation efficiency decreased with increase of melting point and
hardness.

A comparison of plasma peak intensity (the left-handed column) and
plasma life time (the right-handed column) between dry and wet ablation as a
function of fluence for various metal samples is shown in Figure 4.4. The plasma
lifetime was defined as the duration time of plasma measured with a
photodetector. For the samples tested, both peak intensity and plasma lifetime
increased with fluence. It was noted that dry ablation yielded four times higher
peak intensity and up to three times longer lifetime than the corresponding values
for wet ablation. Overall, both dry and wet conditions had identical onset times of
plasma formation although the thresholds of each metal sample were different.
Material-dependent plasma thresholds are summarized in Table 4.2.

Peak acoustic amplitudes measured during dry and wet ablation were
compared as a function of fluence for all the samples in Figure 4.5. In general,
the peak amplitude for both dry and wet cases increased with the applied fluence,
and wet ablation produced acoustic magnitudes up to four times greater than dry

ablation. The acoustic thresholds for wet ablation were up to 50 % lower than
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those of dry ablation (see Table 4.2); however, the acoustic signal for dry nickel
ablation could not be measured since its amplitude was in the noise level.

Fluences for acoustic thresholds (see Table 4.2) were equal to
corresponding values for damage thresholds (defined as surface deformation), so
pressure measurements signified the onset of material removal for both dry and
wet conditions. For all the materials tested, wet ablation induced lower damage
thresholds than dry ablation. The damage thresholds for both dry and wet
ablation increased with melting point and material hardness. For example, indium
with melting point of 156.6 °C and hardness of less than 98 MPa showed
approximately 60 % lower damage threshold than nickel with 1453 °C and 638
MPa. According to Table 4.2, dry damage thresholds for all the samples occurred
after plasma formation. On the other hand, in case of wet ablation, plasma
formation was initiated after the occurrence of damage for indium, tin, and
aluminum samples. Fluences for surface deformation of copper and nickel
samples were higher than their plasma thresholds.

To examine the effect of cavitation on material removal, optical
reflectance of the sample surface was measured for aluminum and nickel samples
(Figure 4.6). For both samples, a transient change of the reflectance signals
correlated with the inception of acoustic pressures at 0.41 J/cm® for aluminum and
0.77 J/em® for nickel, respectively, which corresponded to the damage threshold

for wet ablation. Since the plasma threshold for nickel was lower than the
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damage threshold fluence, change in reflectance signal may have been affected by

both optical breakdown and cavitation above the sample surface.
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Figure 4.2. Cross-sectional profiles created during dry (left-handed side column)
and wet (right-handed side column) ablation with 100 pulses at various fluences
per pulse: (a) indium at 1.7 J/em® per pulse, (b) tin at 1.94 J/em® per pulse, (c)
aluminum at 3.57 J/cm® per pulse, (d) copper at 1.3 J/em® per pulse, and (e) nickel
at 2.67 J/em® per pulse. Note a different scale in ablation depth.
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Figure 4.3. Comparison of ablation depth between dry and wet ablation with 100
pulses as a function of fluence per pulse using various metals: (a) indium, (b) tin,
(c) aluminum, (d) copper, and (e) nickel. Note a different scale in ablation depth.
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Figure 4.4. Comparison of plasma peak intensity (left-handed side column) and
lifetime (right-handed side column) as a function of fluence using a single pulse
on various metals: (a) indium, (b) tin, (¢) aluminum, (d) copper, and (e) nickel

Table 4.2. Damage, acoustic, and plasma thresholds of dry and wet ablation for all the materials.

Sample Dry Threshold§ (J/em?) Wet Thresholdg (J/em®) Threshold Difference (%)*
Damage Acoustic Plasma Damage Acoustic Plasma Damage Acoustic
Indium 0.4 0.4 0.29 0.2 0.2 0.29 66.7 66.7
Tin 0.41 0.41 0.3 0.25 0.25 0.3 48.5 48.5
Aluminum 0.66 0.66 0.56 0.41 0.41 0.56 46.7 46.7
Copper 0.76 0.76 0.3 0.46 0.46 0.3 49.2 49.2
Nickel 0.96 N/A 0.69 0.77 0.77 0.69 22.0 N/A

“Threshold Difference (%) = |Dry —Wet|/ | Dry + Wet|x 200
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Figure 4.5. Comparison of peak acoustic amplitudes for dry and wet ablation as a
function of fluence using various metals: (a) indium, (b) tin, (c) aluminum, (d)
copper, and (e) nickel. Note that no acoustic signal was measured during dry
ablation of nickel.
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45  DISCUSSION

According to our experimental results with various metals, a | mm water
layer reduced damage thresholds and improved ablation efficiency. Since our dry
damage thresholds were higher than plasma thresholds for all the materials, we
agree with Béuerle [17] that dry ablation was driven by plasma formation. It
should be noted that ignition of a plasma resulting from emission of very few
electrons to the air can occur prior to the bulk ablation of the metal. Additionally,
due to plasma expansion during dry ablation, lower ablation efficiency (Figure
4.3) can be explained by enhanced plasma shielding that reduced pressure
amplitude exerting on the sample surface (Figure 4.5) [17]. On the other hand,
since the wet damage thresholds were lower than dry damage thresholds for all

tested metals and these thresholds correlated with the onset of acoustic thresholds,
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we believe that explosive liquid vaporization was involved in the wet ablation
threshold [2,8]. In addition, shorter lifetime and lower intensities of wet plasmas
(Figure 4.4) imply the dissipation of more thermal energy to the water layer
during plasma expansion, leading to rapid water vaporization and cavitation [8].
However, since plasma luminescence in air is generally much brighter than
plasma in water due to prevalent non-radiative dissipation [18], it should not be
neglected that weak plasmas with lower intensity in water might exist below
ablation threshold beyond our level of detection in this experiment. Accordingly,
further investigations on detection of plasma threshold in water should be
performed. Based on acoustic transients and optical reflectance for wet ablation,
shock  waves  generated during explosive  vaporization, plasma
formation/expansion, and cavitation with jet formation were possibly applied to
enhance the expulsion of molten or even non-molten material as additional
mechanical impulses [19]. Thus, lowered damage thresholds and increased
acoustic pressure resulted in enhanced ablation performance for all the samples in
spite of possible plasma shielding [2,8]. Additional effects were surface cleaning
associated with convective flow of water and cooling effect from higher heat of
vaporization of water (2260 kJ/kg [20]) which prevented debris redeposition as
well as excessive heat generation, enhancing optical energy coupling and surface

morphology (Figure 4.2) [4].
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In general, laser metal ablation in the nanosecond regime is based on
thermal processes: temperature rise after light absorption can result in material
removal with surface melting [17]. Since the surface peak temperature is
contingent on the absorption coefficient of a sample, indium and tin with higher
absorption coefficients (Table 4.1) had lower damage thresholds and larger
ablation depths than the other samples. Furthermore, the irradiated spot initially
experiences a liquid-phase transition through a melting process by laser heating
with the ensuing ablation process; therefore, regardless of the ablation conditions,
indium with the lowest melting point had the lowest damage threshold, followed
by tin with the second lowest melting point and damage threshold (Table 4.2).
Even though aluminum possessed the highest absorption coefficient (Table 4.1),
its higher melting point caused aluminum to have a higher damage threshold
fluence than either indium or tin. For copper and nickel, lower absorption and
higher melting point delayed material removal process, requiring higher fluence
for ablation (Table 4.2).

Since dry ablation generates a shock wave during plasma
formation/expansion and the role of a water layer during wet ablation is to
provide additional mechanical impact to the sample, indium and tin with lower
hardness (see Table 4.1) were more susceptible to external mechanical forces,
resulting in improvement of acoustic transients and ablation performance shown

in Figures 4.3 and 4.5. For indium and tin, both dry and wet ablation showed a
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relatively comparable increased rate of ablation performance; this phenomenon
can be explained by the fact that the shock wave with higher plasma intensity
(Figure 4.4) during dry ablation was sufficiently strong to remove mechanically
weaker samples, compensating ablation performance (Figure 4.3). Therefore,
regardless of plasma shielding, the advantage of additional impact during wet
ablation was relatively minimized since lower melting point and hardness
produced a slight difference between dry and wet ablation depth. In case of
aluminum, the laser-induced acoustic amplitudes for dry and wet conditions were
similar to those of indium and tin samples, respectively; however, for indium, tin,
and aluminum, the depth of the resulting crater from either dry or wet ablation
was determined by mechanical hardness of each material. It was conceivable that
aluminum harder than indium and tin was more resistant to the shock wave with
lower plasma intensity (Figure 4.4) generated during dry ablation; the role of a
water layer became relatively significant to enhance ablation efficiency up to five
times higher than dry ablation.

For dry and wet ablation, copper and nickel presented ablation depths up
to ten times lower than less hard materials, which signified that the harder a metal,
the more additional mechanical impact is required to obtain the same amount of
material removal as a soft metal. Higher mechanical hardness possibly tolerated
surface deformation induced by mechanical impact from shock wave generation

during dry ablation, leading to higher damage threshold and lower ablation
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efficiency (Table 4.2 and Figure 4.3). Although additional plasma threshold
measurements would be useful, higher wet damage threshold fluence than plasma
threshold for both copper and nickel samples (Table 4.2) implies that the emission
of pressure wave during rapid vaporization of wet ablation was not strong enough
to induce metal ablation; accordingly, this plasma-mediated explosive
vaporization during wet ablation was essential to material removal, substantiating
the necessity of greater mechanical impacts for mechanically hard metal ablation.
It should be noted that in terms of difference between dry and wet signal
thresholds (Table 4.2), the mechanism reducing the damage threshold corresponds
to the mechanism reducing the acoustic threshold; a water layer can provide more
effective coupling of the laser pulse through impedance matching between
material and water. Unlike indium and tin, other samples (aluminum, copper, and
nickel) showed the advantage of wet ablation as a larger distinction in ablation
depth between dry and wet conditions. According to Table 4.2 and Figure 4.3, the
decrease of damage threshold and increase of ablation performance depended
upon lower melting point and hardness in the order of indium, tin, aluminum,
copper, and nickel. Hence, for both dry and wet ablation, thermal and mechanical
properties were shown as important factors to promote a metal sample to be

plastically deformed by mechanical impulse.

46  CONCLUSION
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Laser ablation of metals with various material properties under dry and

wet conditions was investigated experimentally. For the metals tested, wet

ablation produced higher ablation efficiency with enhanced acoustic pressure than

dry. Lower damage threshold with higher ablation performance during wet

ablation resulted from a combination of explosive vaporization, plasma

confinement, and cavitation. Melting point and material hardness were significant

factors to determine the degree of ablation threshold and efficiency for metal

samples under dry and wet conditions.

4.7
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Chapter 5: Enhancement of Bovine Bone Ablation Assisted by a
Transparent Liquid Layer on a Target Surface

51 ABSTRACT

The purpose of this study was to investigate the laser-induced ablation of
bovine bone assisted by a transparent liquid layer on top of the target surface. A
Q-switched Nd:YAG laser was used to ablate bovine tibia at various energy levels.
Distilled water was applied to the sample surface in order to examine the role of a
transparent liquid layer during the ablation. Plasma generation and transient
acoustic waves were monitored to identify dominant mechanisms involved in the
ablation process. Ablation efficiency was measured from the cross-sectional
tomography acquired by Optical Coherence Tomography (OCT). Ablation with a
liquid layer lowered the damage threshold and enhanced both the laser-induced
acoustic excitation and the ablation efficiency, which saturated at higher radiant
exposures. The enhanced ablation of the liquid-assisted process is primarily due
to photomechanical effects associated with explosive vaporization and plasma
confinement. The saturation of the pressure amplitude and ablation efficiency

was attributed to increased plasma shielding.

62



5.2 INTRODUCTION

Lasers have been of interest as a feasible alternative in orthopedic surgery
since extensive studies for the potential use of lasers for osteotomy procedures
began in the 1970s [1,2]. Standard tools in orthopedics such as saws, milling-
machines, and mechanical drills induce severe mechanical vibrations and
hemorrhage whereas lasers generally have significant advantages, allowing non-
contact intervention, controlled bone excision, free cut geometry, hemostatic and
aseptic effects, and minimal invasiveness [3]. Due to a strong absorption of
infrared radiation by high water content and Amide I/Il bands in bone tissue,
several lasers such as Excimer, Ho:YAG, HF, Er:YAG, CO,, and FEL have been
investigated for surgical application in bone cutting, and their characteristics of
bone ablation with various wavelengths and modes have been reported [4-9].
Since most lasers tested for osteotomy produced long pulse durations (i.e., > tens
of microseconds), a temperature rise in the laser-affected zone is induced with
minimal acoustic waves; therefore, material removal is thought to be initiated by
photothermal mechanisms [10,11].

Recent studies demonstrated augmented ablation efficiency by application
of a transparent liquid layer on the target surface (termed the “wet condition™)
[12,13]. If damage threshold is defined as the initial surface deformation, then in
the regime slightly above the damage threshold, the efficiency is promoted mainly

by increased optical-acoustic coupling and the photomechanical effect in
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association with explosive vaporization in the strongly superheated liquid layer
[14]. Additionally, the liquid-assisted process lowered the damage threshold by
20-40 % along with the augmentation of ablation performance, compared to the
direct ablation (termed the “dry condition”) [14]. At a high radiant exposure
regime, it was reported that the laser-induced plasma is confined in the liquid
layer, consequently inducing higher acoustic and shock waves than the dry
condition [15,16]. The enhanced mechanical wave emission imposes significant
effects on the mechanical response of the target surface resulting in more material
removal.

Previous studies were conducted mostly with metal samples, and the near-
threshold regime and plasma regime were investigated independently [12-16].
To our knowledge, this study provides the first experimental report to test laser
ablation in liquid confinement on biological bone tissues. In this study, we tested
the hypothesis that ablation of biological tissues, especially bovine bone, could be
enhanced by increased photomechanical effects, which possibly result from
plasma confinement along with the explosive vaporization of a liquid layer. A Q-
switched Nd:YAG laser with a short pulse was used with various energy settings.
Ablation efficiency was compared for bone samples in air and water
environments as a function of radiant exposure with single and multiple pulses.
By measuring plasma formation and acoustic wave propagation, the role of a

liquid layer during the ablation process was examined.
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53 MATERIALS AND METHODS
5.3.1 SPECIMEN

Bovine fibia obtained from a local slaughter house was used for the laser-
tissue ablation experiment. The connective tissue and periosteum were peeled
away from the bone specimen, and the sample was rinsed in tap water for
approximately 10 minutes to remove hemocytes. To obtain uniform size samples
(1.5 x2.5 cm) of the samples, bone osteotomy was performed using a standard
handsaw. The surface was polished using sandpaper with a grain size of 30 pum,
maintaining the flat surface of the samples with a constant thickness of
approximately 4 mm. Once all the samples were prepared, they were stored in a
saline solution at 4 °C 24 hours prior to experimentation, possibly minimizing the
change of hydration state of the tissue. In order to perform liquid-assisted
ablation, a plastic (Depron) ring with 1 mm thickness was attached on top of a
sample surface to maintain a consistent liquid layer thickness. Prior to laser-pulse
irradiation, distilled water was deposited inside the ring. The absorption
coefficient of water at the wavelength of interest (1064 nm) was 0.13 cm’, so that
the water layer was relatively transparent with insignificant light absorption
[17,18]. Optical, thermal, and mechanical properties of the target materials are

provided in Table 5.1.
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Table 5.1 Optical, thermal, and mechanical properties for water and bone [17] —[23]

Material Properties Water Bone
Optical Absorption Coefficient (cm™) 0.13 N/A
Thermal Conductivity (W/m-K) 0.611 0.373 - 0.496
Fracture Toughness {MPafm""z) N/A 20-56
Speed of Sound (m/s) 1481 2000 — 3441
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5.3.2 LASER SOURCE AND DELIVERY

A number of craters were created on bone samples using a Q-switched
Nd:YAG laser (Contiuum Surelite 1110, Santa Clara, CA). The 1064 nm laser
emitted FWHM pulses of approximately 30 ns. The applied pulse energy ranged
from 11 mJ to 393 mJ, and either one, ten, or twenty pulses were applied with a
repetition rate of 1 Hz. A schematic illustration for ablation experiments with the
Q-switched Nd:YAG is presented in Figure 5.1. Two beam splitters were placed
in the beam path; one was used to monitor the pulse energy, and the other to
achieve a triggering signal. The laser pulse was reflected at an angle of 90 ° using
a 1064 nm BK 7 mirror (CVI laser, Albuquerque, NM). By using a convex CaF,
lens with a focal length of 50 mm, the laser beam was focused on the surface of
the target sample with a spot diameter of 150 um, which was determined from a

knife-edge measurement. The spot size was defined as the distance between 10 %

and 90 % clip points without multiplying the width adjust factor (0.552\/5)
which is used for the estimation of 1/¢* diameter of a Gaussian beam [24]. An
energy detector (PE25BB-DIF, Ophir Optronics Inc., Danvers, MA) was used to
monitor the applied pulse energy during the experiment. A fast Si photodetector
(1 ns rise time, DET210, Thorlabs, NJ) was used to produce a triggering signal for
a digital oscilloscope (Hewlett Packard Infinium, Colorado Springs, CO), which

measured the temporal profile of plasma and acoustic transients.
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Figure 5.1. Schematic of an experimental setup to measure plasma formation and
acoustic transients using a Q-switched Nd:YAG laser system. BS: beam splitter;
PD: photodetector.
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5.3.3 PLASMA AND ACOUSTIC WAVE DETECTION

To monitor plasma formation during the ablation process, a fast
photodetector with a bandpass filter rejecting 1064 nm was placed approximately
3 cm above the irradiated spot. The breakdown process was detected by eye and
confirmed by a photodetector. The laser-induced acoustic wave was monitored
experimentally using a commercial piezoelectric transducer (model WAT-04,
Science Brothers, Inc., Houston, TX). The transducer was mounted below the
target, and a 1 mm thick plastic ring was attached on the transducer surface.
During the experiment, the ring was filled with distilled water in order to maintain
impedance match between the sample and the transducer. The transducer
contained a lithium niobate element calibrated by the manufacturer over a

bandwidth up to 100 MHz.

5.3.4 ABLATION EFFICIENCY

Ablation craters were produced with ten and twenty pulses of various
radiant exposures for the purpose of comparing ablation efficiency between dry
and wet cases. In order to maintain a consistent liquid layer thickness, distilled
water was deposited after each laser pulse. Laser-induced craters were examined
using an Optical Coherence Tomography (OCT) system (4, = 1290 nm, 44 = 42
nm, and P = 2.2 mW) with lateral and axial resolution of ~ 20 um to obtain

quantitative ablation dimensions [25,26]. A series of vertical cross-sectional
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images (direction parallel to laser beam propagation) were obtained over the
entire crater. The step-size between images was 35 pum. Crater depth and
ablation volume were estimated from the OCT cross sections. Craters produced
with a single pulse were also observed with an optical microscope to evaluate the

damage threshold for each case.

54  RESULTS

Figure 5.2 displays the OCT cross-sectional images of the bone samples at
14.9 J/mm? and 22.2 J/mm®. Samples were ablated with twenty pulses for both
conditions. The craters induced by wet ablation showed larger crater depth and
higher ablation volume than those of dry ablation. The laser pulse produced
relatively rough and irregular contours. Dimensions of ablation craters for dry
and wet cases are compared in Figure 5.3. Ten and twenty pulses with various
radiant exposures were applied to the samples. Regardless of the radiant exposure,
both ablation depth and volume increased with the number of pulses. Crater
depth and volume of wet ablation were up to three and six times greater than
those of dry condition respectively. The result shows that the ablation depth and
volume increased rapidly as the radiant exposure increased to 8.9 J/mm?, but with
higher radiant exposure, the rate of increase in ablation performance began to

diminish.
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Figure 5.2. Vertical cross-sectional images of laser-induced craters with a Q-
switched laser with twenty pulses for a dry case at the radiant exposure of (a) 14.9
J/mm? and (b) 22.2 J/mm” and a wet case at (c) 14.9 J/mm” and (d) 22.2 J/mm”.
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Figure 5.3. Comparison of ablation efficiency for dry and wet ablation as a
function of radiant exposure with ten and twenty pulses: (a) crater depth and (b)
ablation volume
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The observation with an optical microscope for single pulse damage
(ablation) thresholds for both cases is shown in Figure 5.4. From the microscope
images, we could estimate the damage threshold radiant exposure at which the
morphological deformation started on the surface. The damage thresholds for dry
and wet ablation occurred at 3.5 J/mm” and 2.1 J/mm? respectively. Irradiated
samples for both cases had randomly propagating cracks at the surface, indicating
the mechanical effect during ablation. In particular, the wet image exhibited
material removal along with the mechanically-induced crack, compared to the dry

which showed little/no removal.

(a) (b)

Figure 5.4. Top-view images of bovine bone for (a) dry damage threshold (H =
3.5 J/mm®) and (b) wet damage threshold (H = 2.1 J/mmz)
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A typical trace of the acoustic transducer is shown in Figure 5.5 (singe
pulse, wet ablation at H = 22.2 J/mm® where H is the radiant exposure). The laser
pulse was triggered at 0 pus. The acoustic transient was generated approximately
2.1 ps after the onset of the laser pulse. The speed of sound for bovine bone was
found to range from 2000 m/s to 3441 m/s, which is dependent on bone density
[3]. The time for shock wave propagation through the bone sample and 1 mm
water layer for impedance match can be roughly evaluated by the following
equation
_d

d
bone wate;
shock + c : (5 . 1)

cbone water

t

where #g,0c 1S the total propagation time (S), dpone and d,,qer are the sample and
layer thickness (m) respectively, Cpone and ¢y are the speed of sound (m/s) for
each material. By using Table 5.1, the propagation time was calculated to range
from 1.84 ps to 2.68 us, which corresponded to the measured onset of the
acoustic wave at 2.1 ps.

The signatures of the pressure pulse for dry and wet ablation were
investigated at various radiant exposures ranging from 0.6 J/mm? to 22.2 J/mm?®
and are compared in Figure 5.6. In the dry condition, the acoustic wave was
composed of compressive pressure followed by a tensile wave. The acoustic

shape of the wet condition mainly consisted of a compressive part within 1 ps
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along with a peak amplitude up to six times greater and a compressive wave two
to three times longer in duration. The peak acoustic amplitudes of the two
conditions are compared in Figure 5.7 as a function of radiant exposure. The
threshold radiant exposures for the acoustic excitation were identical for both dry
and wet conditions at 2.1 J/mm®. However, the wet ablation produced a stronger
pressure wave than dry ablation over the entire radiant exposures (Figure 5.7(a)).
At low radiant exposures, the pressure amplitude of the wet condition was found
to be approximately twice that of the dry (Figure 5.7(b)). It is noted that a
transition in peak amplitude comparison between the two cases was found at the

radiant exposure of 3.5 J/mm?.

Acoustic signal
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Figure 5.5. Acoustic signal measured by a piezoelectric transducer during single-
pulse ablation in water produced with 22.2 J/mm”.
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The onset of optical breakdown was observed with a Q-switched Nd:YAG
laser by varying the applied pulse energy on bone samples. The breakdown
process was evidenced by plasma luminescence and an audible noise from
acoustic wave generation. Temporal behavior of the optical pulse and laser-
induced plasma for dry and wet cases are shown in Figure 5.8. It can be seen in
both cases that the plasma developed within approximately 4 ns of the incident
laser pulse (Figure 5.8(a)). The plasma signal exhibited a profile that initially
resembled the envelope of the laser pulse, and it reached peak intensity in ~20 ns
regardless of the radiant exposure. Both signals showed the plasma exponential
decay after the peak, and later, the plasma luminescence was suddenly quenched,
followed by a secondary exponential component (Figure 5.8(b)). It is also noted
that after approximately 50 ns, dry and wet cases began to yield different temporal
behaviors of plasma evolution. Beyond 50 ns, plasma generated during wet
ablation displayed a faster decay time, converging to the reference state more
rapidly, compared to that of dry ablation. Various decay constants for both dry
and wet cases were estimated by means of exponential decay curve-fitting
(y=y,+4-exp[-(x—x,)/7], yo: offset, 4: amplitude, xy: center, z: decay
constant), shown in Figure 5.9(a). In general, the plasma decay time linearly
increased with radiant exposure, and the first plasma decay was up to five times
faster than the second decay. Compared to the dry case, the plasma intensity

dropped more rapidly during the wet ablation. Figure 5.9(b) shows the
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comparison of plasma duration between two cases as a function of radiant
exposure (n = 10). The plasma thresholds were measured from the extrapolated
curves, and two conditions yielded a comparable threshold of 3.5 J/mm?, which
corresponded to the transition in peak acoustic amplitudes (Figure 5.7). Upon
plasma formation, the lifetimes for dry and wet ablation increased with the radiant
exposure. At a higher radiant exposure, the plasma of the dry case lasted for a

few microseconds, up to twice as long as that of the wet (Figure 5.9(b)).
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55  DISCUSSION

Nanosecond laser-induced ablation efficiency of the dry and wet
conditions was compared for bovine bone samples as a function of radiant
exposure with one, ten, and twenty pulses. Laser ablation assisted by a
transparent liquid layer enhanced ablation efficiency compared to direct
irradiation (Figure 5.3). Craters up to three times deeper with volume up to six
times greater volume were observed under the wet condition. Asymmetric crater
shapes with irregular contours, shown in Figure 5.2, evidenced photomechanical
effects during both dry and wet ablation processes. Observation with an optical
microscope showed that the single pulse damage thresholds for both dry and wet
cases were 3.5 J/mm’® and 2.1 J/mm® respectively. The threshold radiant
exposures for measurable acoustic excitation were identical for both cases at 2.1
J/mm®. However, upon pressure wave generation, the acoustic excitation of the
wet condition was higher than that of the dry case over the entire radiant exposure.
The measurable plasma was first detected with a radiant exposure of 3.5 J/mm®
for both cases. It should be noted that the damage threshold of the wet condition
corresponded to that of acoustic excitation whereas the damage threshold of the
dry condition was identical with that of plasma initiation.

Laser-induced ablation under the wet condition has been investigated in a
few previous studies [12—-16], [27-29]. It was reported that wet ablation lowered

the damage threshold, defined as the lowest radiant exposure to cause surface
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deformation, and promoted ablation performance via explosive liquid
vaporization for the radiant exposure near the damage threshold [14]. At a higher
radiant exposure regime, the plasma confinement in a water environment
significantly enhanced the laser-induced acoustic and shock waves, consequently
promoting material removal efficiency [12,13,15,16,27-29].

The lower damage threshold of the wet condition agrees well with previous
studies [14,30]. Considering 1) higher acoustic excitation near the damage
threshold and 2) a damage threshold lower than that of plasma formation, the
reduced damage threshold of wet ablation can be attributed to the explosive
vaporization. Prior to the plasma formation, nanosecond laser light absorption by
the sample leads to rapid surface heating. Thus, thermal conduction from the
sample surface to the liquid layer increases the water temperature possibly beyond
its equilibrium saturation temperature causing the liquid water to become
superheated. When the superheated liquid becomes unstable, it can approach the
spinodal limit, which is a critical temperature of 647 K for water. Near the
spinodal limit, the liquid experiences a great density fluctuation, consequently
giving rise to homogeneous generation of vapor bubbles as well as validating the
expectation of explosive vaporization [14,30]. In the vaporization of the
superheated liquid, the pressure inside the bubble P,. should exceed the vapor

pressure at equilibrium, which can be estimated to be
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where 7}, Py, P, v, and R are the temperature of the superheated liquid, the
saturation pressure at the liquid temperature, the pressure of the superheated
liquid, specific volume, and gas constant respectively [31]. As the temperature
approaches 0.837, (7,: thermodynamic critical temperature of water), the pressure
calculated in equation 2 increases close to the saturation pressure at the liquid
temperature with intense density fluctuations [32]. Once a vapor bubble grows to
a size greater than a critical radius, it grows spontaneously, accompanying
spherical shock wave generation [33]. Therefore, as multiple homo- and/or
hetero-geneous micro-bubble nuclei rapidly grow and expand, a strong
compressive pressure wave can be emitted, which possibly accounts for a
contribution to higher acoustic amplitude at the threshold as well as a lower
damage (ablation) threshold for wet ablation prior to plasma formation (Figures
5.4 and 5.7).

The optical breakdown for both dry and wet cases commenced about 4 ns
after the laser pulse was applied over the entire radiant exposure, and both
plasmas simultaneously reached the peak intensity in ~20 ns (Figure 5.8(a)).
Once plasma is initiated due to direct light absorption of a sample, the plasma

becomes the main absorber of the remaining pulse energy, resulting in plasma
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expansion [10]. Previous studies reported that the plasma luminescence is almost
a replica of the input pulse [34,35], so the sudden quenching of both plasma
signals can be explained by the reproduction of temporal behavior of the pulse,
followed by a secondary exponential decay of the order of up to a microsecond
(Figure 5.8(b)). When the plasma was generated, the plasma under wet condition
yielded a fast decay after 50 ns in spite of the identical peak time with dry
condition. This implies that more energy transfer to the surrounding media was
involved in ablation under water compared to the dry case. This dissipation can
be attributed to thermal conduction throughout plasma expansion from high
temperature plasma to the surrounding media, which might have started about 15
ns after the applied pulse ended. Due to the fact that thermal conductivity of
water (ky = 0.611 W/m-K at 300 K) is higher than that of air (k, = 0.0267 W/m-K
at 300 K), more thermal energy during plasma expansion was possibly transferred
to a water layer, reducing plasma life time in association with a fast decay
transient (Figure 5.9(b)). Since optical breakdown in water requires an irradiance
of more than 10'"" W/cm?® and the maximum irradiance tested in the current study
was 7.41x 10" W/cm?, we assume that plasma formation occurred at the surface
of the bone rather than on the water. In addition to the faster decay of plasma in
the presence of a liquid layer, it should be noted that an abrupt increase of
acoustic excitation was observed at 3.5 J/mm® that corresponded to the plasma

threshold radiant exposure. The faster decay of plasma and the abrupt increase of
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acoustic excitation under the wet condition can be explained by the plasma
confinement in the liquid layer. It was reported that the laser-induced plasma
could be confined in the liquid layer presenting on the target surface,
consequently inducing higher pressure amplitude and longer shock wave duration
than the dry condition in spite of the partial absorption of the incoming laser pulse
by plasma screening [12,13,15,16,27,28].

An analytical model was previously developed to predict laser-induced
pressures in the confined geometry [27]. A simple one-dimensional model
described three different phases of the confined plasma process (laser heating,
adiabatic cooling, and plasma expansion) and evaluated the pressure development
inside the plasma. The maximum pressure (P,,) generated by the laser-induced

plasma in water environment was estimated by the following equation,

Prater (Pa): \’256_‘!_3 \/E\/Z (53)

where a is a constant fraction of the internal energy representing the thermal
energy and E, is the incident laser irradiance (W/cm?). Z, is the characteristic

impedance (kg/m’s) between the bone sample and the water layer, given by

(5.4)
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where Zp,,. and Z,..- are the impedances of the bone sample and the water
respectively. By assuming a bone density of 1417 kg/m® and a speed of sound of
3000 m/s (based on Table 5.1), Zyone = 4.251 x 10° kg/m?s and Zqrer = 1.48 x 10°
kg/m’s. For the sake of comparison, the maximum pressure during ablation in air

was given by the empirical relation,
Py (Pa)=b-E/"" - 2" -7 " (5.5)

where b and n are material-dependent coefficients, 4 laser wavelength (um), and
7, pulse duration (ns) [27]. Since material removal was photomechanically
induced, fracture toughness can be an important parameter to evaluate the
susceptibility of bone to initial failure [36]. Material with higher fracture
toughness is less likely to fracture by crack propagation; one can assume that the
maximum pressure of dry ablation at the plasma threshold is equivalent to the
tensile strength applied to crack growth. If n =-0.3 based on previous studies and
b is determined by the tensile stress estimated from the fracture toughness of bone
in Table 5.1, one can approximately obtain that the ratio P,,,/Pair varies from 1.7
to 1.17 over the irradiance range 11.7 — 74.1 GW/cm®, shown in Figure 5.10.
Thus, the liquid confinement appears to achieve higher compressive pressure
during plasma formation/expansion over the entire irradiance, which can partially
explain a discrepancy in peak acoustic amplitudes between dry and wet ablation

in Figure 5.7.
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Figure 5.10. Ratio of P,u./P.r based on 1-D analysis of pressure generation
induced by plasma process.
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Given the fact that the plasma formation for nanosecond pulses is always
accompanied with shock wave generation [10], it should be noted that the
acoustic impedance of water is Z,yq.r = 1.48 X 10° kg/mzs, which is much greater
than that of air (Zu- = 410 kg/m’s). If the water-sample interface yields a
volumetric space during the plasma expansion, the shock wave is assumed to
propagate from the space, which is treated as a perfect gas, to the water layer [27].
Therefore, supposing that air is a perfect gas, the pressure reflection coefficient, R

for wet ablation is given by

Z -7
R — water air (5-6)
Z +7Z

water air

Since R is approximately equal to 1, the induced shock wave propagating out of
the sample surface could be mostly reflected at the interface between air and
water without phase change (pressure doubling [20]), so more residual
compressive waves were possibly applied to the sample surface (Figure 5.6).
Since the plasma formation is associated with a significant temperature
increase, up to 15000 K [37], it is expected that micro-bubble generation emits
strong pressure via explosive vaporization in a liquid layer causing additional
photomechanical impact. Also, once the bubbles are generated and expanded,
they can coalesce into macro-size bubbles. While these macro-bubbles collapse

in the vicinity of a surface during/after the ablation process, a high-speed, wall-
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directed reentrant jet can be initiated in the bubbles, and consequently, the liquid-
jet with outward radial flow can interact with the sample as additional shock wave
impact [33]. The acoustic augmentation of the jet P;,, (Pa) can be estimated

using the following equation

Z ' Z vater
=7 gV 67

bone water

where Zp,,. and Z,4., are the acoustic impedances of water and bone respectively
(Zbone = 4.251 x 10° kg/m’s and Zyuer = 1.48 x 10° kg/m’s). If the liquid-jet
velocity V., near a boundary is assumed to be 80 m/s based on a previous study
[33], the acoustic impact can correspond to a pressure of 90 MPa, which exceeds
the fracture toughness of the bone sample. Therefore, the acoustic enhancement
by cavitation bubble collapses can also account for the more pronounced
amplitude of the acoustic transient over the entire radiant exposure. It was
observed that the liquid vapors were explosively ejected at higher radiant
exposure. Hence, in the plasma regime, a combination of confined-plasma,
impedance difference at the interface, more explosive vaporization, and jet
formation can be responsible for the augmentation of compressive pressure along
with longer shock wave durations, leading to enhanced photomechanical effects

(Figure 5.6). Future measurement of acoustic signals beyond 10 ps time frame
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will clarify how cavitation collapse after plasma expansion contributes to the wet
ablation process.

In the case of dry ablation, the acoustic threshold was lower than the
damage threshold at 3.5 J/mm®. Thus, the initial pressure emission resulted from
thermoelastic expansion at a radiant exposure of 2.1 J/mm’ which was below
sample damage. Upon plasma initiation at 3.5 J/mm® (Figure 5.9), the acoustic
emission was assumed to be combined with the thermoelastic wave as well as
plasma-induced shock wave generation, subsequently leading to photomechanical
damage on the sample. In addition, since the sample was kept in a saline solution
at room temperature prior to experimentation, a rapid temperature increase by
light absorption possibly induced internal explosion of the interstitial water inside
the bone as a mechanical impact. Therefore, it is supposed that material removal
for the dry case was mainly attributed to plasma formation, and the acoustic
transient was associated with a combination of thermoelastic pressure, plasma-
induced shock wave, and recoil momentum. In order to confirm the dynamics
implied with the acoustic transient and post-ablation process, high-speed imaging
of both dry and wet cases will be performed in the future study.

In Figure 5.3, ablation depth and efficiency for both the dry and wet cases
started saturating at the radiant exposure of 8.9 J/mm”. Saturation was also found
in the acoustic amplitude graph in Figure 5.7. One of possible explanations for

this phenomenon is plasma shielding [38,39]. Once plasma formation starts at the
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laser focus, the plasma absorbs and scatters further incident laser light, expanding
toward the laser beam during the pulse. Since the plasma partially or fully
screens the incident pulse, less energy is delivered to the sample for ablation.
Increased shielding effect during plasma formation at higher irradiance was
thereby responsible for the saturation of the pressure and ablation efficiency
observed for our experiments. Additionally, previous studies have experimentally
and analytically shown that both maximum pressure and transmission of plasma
approached saturation at the same irradiance threshold, which validated the
hypothesis that the plasma shielding was attributed to the pressure saturation,
consequently limiting the ablation efficiency [12,13,27]. In our experiments,
although wet ablation obtained up to 6 times higher peak pressure and greater
ablation efficiency respectively than the dry case, it should be noted that above an
irradiance of 2.97 x 10" W/cm®, plasma shielding played a significant role in
limiting ablation performance. Therefore, an efficient bone ablation rate with a
liquid confinement can be achieved below the irradiance of increased plasma

shielding effect.

56  CONCLUSION

Biological hard tissue ablation in a liquid confinement has been
investigated with a Q-switched Nd:YAG laser. It was found that the application

of a water layer increased the ablation efficiency up to six times via explosive
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liquid vaporization and plasma confinement. The correlation between acoustic
and damage thresholds under the wet condition suggests that the explosive
vaporization of the superheated liquid was responsible for the lower damage
(ablation) threshold along with the higher acoustic amplitude in the near-threshold
regime. In the plasma regime, the reduced lifetime of plasma indicates that the
optical breakdown was confined to the liquid layer, consequently intensifying
acoustic coupling efficiency at the interface. Two other mechanisms have been
proposed for the enhanced photomechanical excitation. The augmented
photomechanical effect under the wet condition is considered to be the main cause
of the improved ablation performance. Above an irradiance of 2.97 x 10'® W/cm?,
acoustic pressure and ablation efficiency were maintained at the saturation level,
which was attributed to increased plasma shielding effects. It can be concluded
that the liquid layer on the target surface facilitates the augmentation of bone

ablation efficiency although it accompanies a limitation of plasma shielding.
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Chapter 6: Investigations on Laser Hard Tissue Ablation under
Various Liquid Environments

6.1 ABSTRACT

The purpose of this study was to investigate the effect of liquid
environments upon laser bone ablation. A long-pulsed Er,Cr:YSGG laser was
used to ablate bovine bone tibia at various radiant exposures under dry, wet (using
water or perfluorocarbon), and spray environmental conditions. Energy loss by
application of liquid during laser irradiation was evaluated, and ablation
performance for all conditions was quantitatively measured by Optical Coherence
Tomography (OCT). Microscope images were also used to estimate thermal side
effects in tissue after multiple-pulse ablation. Wet (water) and spray conditions
equally attenuated the 2.79 pum wavelength laser beam. Higher transmission
efficiency was obtained using a layer of perfluorocarbon. Dry ablation exhibited
severe carbonization due to excessive heat accumulation. Wet (water) condition
resulted in similar ablation volume to the dry case without carbonization. The
perfluorocarbon layer produced the largest ablation volume but some

carbonization due to the poor thermal conductivity. Spray induced clean cutting
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with slightly reduced efficiency. Liquid-assisted ablation provided significant
beneficial effects such as augmented material removal and cooling/cleaning

effects during laser osteotomy.

6.2 INTRODUCTION

Infrared laser osteotomy has several potential advantages over mechanical
drills and oscillating saws used in orthopedics such as no mechanical vibration,
non-contact intervention, intricate cut geometry, and hemostatic and aseptic
effects [1,2]. Quantitative studies have been performed to characterize bone
ablation with various wavelengths and pulse durations [3-8]. Since the main
absorbers of bone are water (12 — 15 % weight) and hydroxyapatite (60 % weight)
[8,9], infrared lasers, of which wavelengths correspond to absorption peaks of the
bone components, for example, Er:YAG (wavelength 1 = 2.94 pm) and CO, (4 =
9.6 um), have been used. The proposed mechanism for long-pulsed lasers was
thermo-mechanical: light absorption by water and/or mineral bone components
could lead to thermal expansion, consequently inducing decomposition of bone
structure [8].

In order to prevent dehydration of tissue and thermal damage to the
surrounding tissue due to rapid temperature increase, application of a water film
or water droplets in laser ablation has been investigated in dentistry [10-18].

Previous studies demonstrated that the addition of water in dental treatment
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improves surface morphology and ablation efficiency as well as lowers pulpal
temperature. In the case of bone ablation, thermal side effects should be avoided
since temperature elevation between 44 and 47 °C may lead to bony tissue
necrosis [2]. In addition, material processing studies showed that lower damage
threshold and enhanced ablation performance can be achieved with the
application of a transparent water layer [19,20]. The augmentation of ablation
efficiency is due to the explosive water vaporization in the strongly superheated
liquid layer [20].

In this report, we describe the effects of various liquid environments on
biological bone tissue ablation, compared to direct ablation (termed the “dry
condition”). Two different liquid environments were tested: application of a
liquid layer using either water or perfluorocarbon (termed the “wet ablation”) and
pressurized water spray (“spray ablation”). Since a perfluorocarbon liquid
(PFCL) [CF3(CF,),CF3] is biocompatible with high specific gravity and low
viscosity, the liquid has been used as oxygen carriers in viteroretinal applications
[21,22]. In contrast to the high water absorption peak in the mid-infrared regime,
perfluorocarbon liquid (PFCL) is a relatively transparent liquid (absorption
coefficient u, = 0.05 mm™ at A = 2.94 um [21]). A conventional Er,Cr:YSGG
laser system (4 = 2.79 um) was employed with various energy settings. Bone
samples in air and liquid environments were evaluated to characterize the role of

liquid environments and thermal damage during laser osteotomy. Ablation
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performance was also compared as function of radiant exposure with multiple

pulses.

6.3 MATERIALS AND METHODS
6.3.1 SPECIMEN

Fresh bovine tibia samples were irradiated for in vitro laser-tissue ablation
experiments. The bone specimens were rinsed in tap water to remove hemocytes
after the connective tissue and periosteum were peeled away. In order to obtain a
flat surface, the target surface was polished using sandpaper with a grain size of
30 um. Sanded samples were stored in a saline solution at 4 °C prior to
experimentation, possibly minimizing changes in hydration. Four different
experimental conditions were evaluated: dry, wet (water or perfluorocarbon), and
spray conditions. In case of dry ablation, the samples were desiccated at room
temperature for 48 hours and ablated without applying a liquid layer or using
water spray. For wet ablation, a plastic (Depron) ring with 1 mm thickness was
attached on top of a sample surface to maintain a consistent thickness of liquid
layer. Two different liquids were tested to perform liquid-assisted tissue ablation:
distilled water and perfluorocarbon (Perfluorodecalin, Oakwood Products, Inc.).
The liquids were deposited inside the ring prior to laser-pulse irradiation for each
experiment. Lastly, under spray condition, a built-in pressurized water spray

irrigation system was utilized. The system produced a flow rate of 8§ ml/min
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using distilled water, and in order to achieve a stable flow rate, the water spray

was initiated and terminated about 3 seconds pre and post laser pulse, respectively.

Optical and thermal properties of the target materials are listed in Table 6.1.

Table 6.1. Optical and thermal properties of bone, water, and perfluorocarbon [9,23-25]

Material Property Bone Water Perfluorocarbon
. . -1
Absorption coefficient (cm™) 2120 5300 <05
at 2.79 um
Thermal Conductivity (W/m-K) | 0.373 —0.496 0.611 0.067
Boiling point (K) N/A 373 415
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6.3.2 EXPERIMENTAL SETUP

To ablate bovine bone tissues, a conventional Er,Cr:YSGG laser
(Waterlase MD, BioLase Technology, Irvine, CA) was employed. The system
emitted laser pulses at 2.79 pm with a pulse duration (z,) of up to 150 psec. The
incident pulse energy ranged from 5 mJ to 200 mJ, and a sequence of five pulses
at a repetition rate of 10 Hz was applied to the target. A schematic illustration of
the experimental setup is shown in Figure 6.1. The laser light was delivered
through a fiber optic system to handpiece containing a sapphire tip with a
diameter of 600 pm and a divergence of 8°. The handpiece also included a built-
in water spray irrigation system, so it was used to produce a flow rate of 8§ ml/min
in case of spray condition. With an energy meter (EPM 2000, Molectron,
Portland, OR) along with a pyroelectric joulemeter (J50, Molectron), the output
pulse energy was measured before and after every bone ablation test. The fiber
tip was replaced if the measured energy was reduced by more than 15 % of the
initial output energy to avoid experimental artifacts due to fiber damage. The
sample was placed on a three-axis translation stage, and a new irradiation spot
was adjusted after irradiation at each energy level. To perform bone ablation, the
laser pulse was delivered normal to the sample surface, and the gap between the
fiber tip and the tissue was maintained approximately 500 pm for all the
experiments, which provided a 500 um thick liquid layer on top of the sample

surface. Osteotomy cuts of bovine bone applying multiple sequences of five laser
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pulses at 10 Hz were performed with various conditions. In case of formation of
channel in the bone, the sample was moved laterally with a resolution of 200 um
every five pulses.

Attenuation of the laser beam by liquid layers and water spray was
determined. A 5 mm thick CaF, window was placed 500 um in front of the fiber
to block the water droplets and spray, and a Molectron energy probe was used to
measure transmittance of a single laser pulse through the CaF, window. In case
of wet ablation, a 1 mm thick plastic ring was attached on the window to maintain
a consistent liquid layer, and two liquids such as water and perfluorocarbon were
tested. Energy measurements with and without the application of liquid layers
and water spray as a function of pulse energy were compared to quantify the
efficiency of light transmission.

Bone ablation was characterized in terms of ablation performance for dry,
wet (water or perfluorocarbon), and spray conditions respectively. Ablation
craters were produced with five pulses as a function of radiant exposures. Crater
dimensions were measured with an optical coherence tomography (OCT) system
(Ap=1290 nm, 4 A =42 nm, and P = 2.2 mW) with lateral and axial resolutions of
~ 20 um [26,27]. A series of vertical cross-sectional images parallel to the laser
beam axis were scanned and acquired over the entire crater with a step-size

between images of 37 um. Crater volume was quantitatively estimated with
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image processing software. Also, the craters were observed with an optical

microscope to compare quality of laser ablation and morphological deformation.

Er:YSGG Laser Optical fiber Optical fiber

(h=2.79 um)

Tissue
Handpiece

Plastic ring

(1 mm thick) Sample Holder

VAR SN

xyz stage

g

(@) (b)

Figure 6.1. Experimental setup for bone ablation study under different
environments: (a) wet ablation using water and perfluorocarbon and (b) spray
ablation using water. Note the 500 um distance between fiber tip and the sample
surface.
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6.4 RESULTS
6.4.1 ENERGY LOSS MEASUREMENT

The transmission of the laser beam through a 1 mm water layer (1 mm
perfluorocarbon layer, water spray of 8§ ml/min) as a function of incident energy is
shown in Figure 6.2. Transmission efficiency through the water layer and spray
were almost identical with a linear relationship (R°= 0.99) between the incident
and transmitted energy. The reduction in transmission was a result of light
absorption by the water. However, in case of perfluorocarbon layer, the
transmission was approximately 20 mJ higher due to lower absorption at the 2.79
um wavelength (Table 6.1).
6.4.2 ABLATION EFFICIENCY

Ablation performance for various conditions was compared to understand
the effects of liquid environments on bone ablation. Dimensions of ablation
craters for dry, wet, and spray ablation are compared in Figure 6.3 as a function of
radiant exposure. A sequence of five pulses at 10 Hz was applied to the bone
samples with radiant exposures per pulse ranging from 8.5 J/em® to 59 J/em®.
Regardless of the experimental condition, ablation volume increased with radiant
exposure. Ablation volumes induced by both dry and wet (water) ablation were
comparable over all exposures tested; wet ablation with perfluorocarbon produced

a 15 % higher ablation volume. Spray ablation was slightly less effective along
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with approximately a 17 % reduction in ablation volume, compared to dry and
wet (water) conditions.
6.4.3 THERMAL SIDE EFFECTS

Cross-sectional OCT and top-view microscope images of ablation craters
and osteotomy cuts of bone samples for four different conditions: dry, wet (water
and perfluorocarbon), and spray ablation are shown in Figure 6.4. All the cases
were irradiated with five pulses (10 Hz) at various radiant exposures. In the dry
condition, OCT images had irregular surface deformation and there was severe
charring. Black carbonization surrounded by a white recrystallization rim was
observed in the microscope image of the osteotomy cut indicating thermal
damage of surrounding tissue. This damage was due to excessive heat
accumulation during/after laser irradiation, leading to reduction of ablation
efficiency (Figure 6.4(a)). Wet ablation with water produced a rough wall surface
with a relatively wider crater compared to the dry condition; we did not see any
indication of thermal injury on the peripheral tissue (Figure 6.4(b)). With
perfluorocarbon, the wet condition produced the largest ablation crater with a
relatively smooth surface; however, some thermal damage was found around the
spot and even in the channel (Figure 6.4(c)). Craters produced by spray ablation
were particularly clean with no thermal damage; compared to wet (water) ablation,
the crater width of the spray case was narrower and deeper with a cone-shape and

smoother ablation wall (Figure 6.4(d)).
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OCT Ablated spot Osteotomy cuts
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Figure 6.4. Cross-sectional OCT (the leftmost column, H = 47 J/cm®) and top
view (the middle column, H = 42 J/cm® for the left and H = 37 J/cm® for the right
spot) images of bone tissues ablated with a sequence of five pulses. Another top
view image (the rightmost column) shows osteotomy cuts with multiple
sequences of five pulses at H = 47 J/em® (lateral resolution = 200 pm every five
pulses). Four different conditions were tested: (a) dry, (b) wet (500 um water
layer), (c) wet (500 pm perfluorocarbon layer), and (d) spray ablation (flow rate
of 8 ml/min)
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6.5 DISCUSSION

Laser ablation of bovine bone tissues with a sequence of five pulses was
investigated for various conditions: dry, wet (water and perfluorocarbon), and
spray ablation (water with a flow rate of 8 ml/min). The perfluorocarbon with an
absorption coefficient less than 0.001 % of water had the highest transmission
efficiency (Figure 6.2) and volume of bone removal (Figure 6.3); however, some
thermal damage was seen in the ablation crater. Severe thermal damage
(carbonization) was associated with dry ablation due to excessive heat
accumulation while ablation using either a water layer or spray prevented thermal
injury to the peripheral tissue because of the cooling effect of the water. The wet
(water) ablation produced rough and irregular surface deformations whereas the
spray ablation created rather clean, cone-shaped cutting possibly due to photo-
mechanical effects through water vaporization and convective motion.

Since the laser pulse (z, ~ 150 ps) was longer than 100 ps, the ablation
process took place concomitantly with irradiation. The thermal diffusion time

when optical penetration depth < spot size was given by [28]
1, = 1/dou, (6.1)

where « is the thermal diffusivity (1.5x 107 m*/s for bone [9]) and la 1s the
absorption coefficient (2120 cm’' for bone in Table 6.1). Since the estimated T, =

40 ps, thermal energy was conducted from the absorption volume during the laser
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pulse. During dry ablation, heat transported to adjacent tissue caused irreversible
thermal damage. In addition, carbonization occurred where temperatures
exceeded 150 °C [29]. Excessive heat accumulation/diffusion due to long time
periods of heating possibly initiated the release of carbon, leading to a blackening
in color (Figure 6.4 (a)) and evidencing the thermal injury. Since the bone sample
for the dry ablation was desiccated prior to experimentation, the main absorber of
the sample was hydroxyapatite, and thus, internal explosion of interstitial water in
the bone was not the main ablation mechanism for this case.

Application of a water layer promoted ablation performance through
explosive liquid vaporization with a lower damage threshold [19,30]. In the case
of wet (water) ablation, the generation of water vapor carried away excess heat,
preventing excessive temperature increase of adjacent tissue. No thermal injury
(carbonization) was observed with wet (water) ablation. The water layer blocks
(absorbs) a portion of the laser pulse, yet the efficiency of both dry and wet
(water) ablation was comparable (Figure 6.3) because of water vaporization. At
the onset of laser irradiation, high absorption of water (5300 cm™ at 2.79 pm)
initiated a vaporization process creating a water vapor channel that transmitted the
rest of laser pulse to the sample surface (“Moses effect” [31]). Energy absorption
increased the temperature of the water inside the tissue and/or in the layer beyond
its equilibrium saturation temperature, causing explosive water vaporization with

large pressure transients [30]. The irregular surface of the crater wall also
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represented additional mechanical effects during the vaporization process.
Therefore, strong acoustic transients during rapid water vaporization exerted a
significant abrasive force upon the ablated crater surface, promoting ablation
performance and compensating for the lower optical energy coupling.

In order to reduce the energy loss by water absorption, a perfluorocarbon
layer with low IR absorption was tested. Similar to wet (water) ablation, liquid
vaporization enhanced ablation efficiency. During laser irradiation, sufficient
heat was transferred to superheat the liquid perfluorocarbon, consequently
inducing rapid vaporization concomitant with strong pressure emission. It was
also noted that ablation efficiency with a perfluorocarbon layer increased with
higher radiant exposure (Figure 6.3). In spite of delivering more energy to the
bone compared to water (Figure 6.2), the laser-induced crater using the
perfluorocarbon had much less thermal damage than dry ablation (Figure 6.4(c)).
Since the liquid perfluorocarbon had a thermal conductivity (0.067 W/m-K) and
heat of vaporization (78.7 kJ/kg), which were much lower than the properties of
water (0.611 W/m'K and 2260 kJ/kg, respectively) [24], less heat was removed
during ablation, inducing some thermal damage (Figure 6.4(c)). However, more
energy transmission to the sample and liquid vaporization during/after the pulse
produced the most efficient ablation performance compared to other experimental

conditions (Figure 6.3).
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The spray ablation achieved exceedingly clean cuts with smooth crater
surface without thermal damage. Similar to wet (water) ablation, water inhibited
excessive temperature rise, and rapid vaporization of interstitial water and water
spray possibly promoted additional mechanical impact on the crater wall. We
believe that the convective motion of water spray pushed the water out the crater
wall [32]; the water flow effectively removed debris (cleaning effect) and cooled
the sample surface. Reduced ablation efficiency was attributed to lower light
transmission as well as light scattering by small water particulates. When a laser
beam strikes small water droplets, photons are scattered and/or absorbed. The
narrow, sharp-cone shape of the crater suggested that the laser light was
preferentially scattered in the forward direction (water particulate larger than the
laser wavelength), limiting ablation volume. Therefore, the forward scattering
with water spray absorption during spray ablation provided a deeper, shaper cut
with less ablation volume.

In terms of ablation volume efficiency, the perfluorocarbon layer provided
the most efficient method for laser osteotomy. However, thermal side effects
(some carbonization) due to low heat of vaporization do not prevent tissue
necrosis. A different type of perfluorocarbon with better thermal properties will
be tested as an alternative liquid to improve ablation performance and reduce
thermal side effect. In addition, to assess thermal effects during laser ablation

with and without liquid application, histological examination of the bone tissues
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should be implemented in a future study. Lastly, spray-assisted laser ablation
achieves clean and controllable osteotomy cutting with the highest depth per
ablation volume efficiency. In order to obtain augmented ablation volume
efficiency without thermal damage, a combination of perfluorocarbon and spray
system should be investigated. During water-assisted ablation, the liquid provides
cooling minimizing thermal damage; in addition, acoustic/mechanical impact
enhances ablation performance while cleaning the surface. In case of clinical
applications, rapid cutting of bone without thermal damage is highly desirable;
therefore, spray ablation can be a feasible means for laser osteotomy since it
outperforms the other techniques in terms of deep sharp cuts as shown in our

experiments.

6.6 CONCLUSION

Laser osteotomy using a long-pulsed Er,Cr:YSGG laser was investigated
with various environmental conditions: dry, wet (water or perfluorocarbon), and
spray ablation. The application of a perfluorocarbon layer removed the largest
ablation volume relative to the other conditions. However, poor thermal
characteristics of perfluorocarbon induced much lower thermal damage than the
severe carbonization associated with dry ablation. Wet (water) ablation produced
ablation volumes comparable to dry ablation without any indication of

carbonization. Additional mechanical effects resulting from waver vaporization
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were possibly responsible for compensation of ablation efficiency in spite of

water absorption. Lastly, spray combined with the Er,Cr:YSGG laser case

induced clean cutting assisted by convective motion of water flow and limited

temperature increase in the tissue, producing narrow sharp cuts. Liquid-assisted

ablation can provide significant beneficial effects such as augmented material

removal, liquid cooling, and abrasive cleaning effects during laser bone

treatments.
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Chapter 7: Effect of Liquid Thickness on Laser Ablation
Efficiency (Experimental Study)

7.1  ABSTRACT

The purpose of this study was to investigate the effect of liquid thickness
on laser ablation efficiency. Both Q-switched Nd:YAG and free-running Er:YAG
lasers were used to ablate PMMA samples in the presence of a water layer. The
thickness of the liquid layer varied from 500 um to 3 mm. Ablation performance
as a function of liquid thickness for both lasers was quantitatively measured by
Optical Coherence Tomography (OCT). For the Q-switched Nd:YAG laser, wet
ablation produced up to three times greater ablation volume than dry ablation, and
the ablation efficiency decreased with increase of liquid thickness. On the other
hand, for the Er:YAG laser, wet ablation with a 500 pm layer of water produced
comparable ablation volume to dry ablation. Ablation performance decreased as
the liquid layer thickness increased. Q-switched laser ablation assisted by a thin
liquid layer efficiently augmented material removal while ablation efficiency of a

long-pulsed Er:YAG laser decreased as water thickness was increased.
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7.2 INTRODUCTION

Liquid-assisted laser ablation has been investigated in a number of
engineering and clinical applications: laser surface cleaning [1,2], laser shock
peening/micromachining [3,4], laser osteotomy [5], and dental tissue ablation
[6,7]. In order to appreciate the effect of liquid layer on laser ablation, a variety
of laser parameters such as wavelength [8,9], pulse duration [10], and radiant
exposure [11] have been examined. Recent studies have demonstrated increased
ablation efficiency for material machining in the presence of a liquid layer [10-12].
We have shown in our previous study that the liquid-assisted ablation with short
pulse durations (z, < 1 ps) had lower thresholds as well as higher volume removal
than direct irradiation. The improved ablation performance with a liquid layer
was associated with explosive vaporization and confinement of plasma expansion
[5]. Even spray-assisted ablation with a 2.79 pm long pulse laser increased
ablation efficiency up to twice greater than direct ablation. The mechanism was
rapid water vaporization and ensuing microexplosion of water droplets imparting
ablative momentum to the sample [7].

According to previous studies, a liquid-confined environment for laser
ablation was achieved in several ways: ejecting saturated vapor controlled by a
heater [13], flowing water film on top of the sample [9], emerging the sample in
the water cuvette [11], and depositing a water droplet by using a syringe [6]. Due

to various liquid-assisted configurations, different liquid thicknesses were
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employed during ablation. In this study, experiments were carried out to
understand the effect of liquid layer thickness on enhancement of ablation
performance. We quantified ablation volume as water thickness was varied from
500 pm to 3 mm. Both short-pulsed Q-switched Nd:YAG and long-pulsed free-
running Er:YAG lasers were used to examine the role of liquid layer during

material removal.

7.3  MATERIALS AND METHODS

Experiments were performed with Q-switched Nd:YAG (wavelength A =
1064 nm and pulse duration 7, = 30 ns at FWHM) and free-running Er:YAG
lasers (A = 2.94 um and 7, = 275 ps at FWHM). The applied pulse energy levels
were set at 400 mJ for the Q-switched Nd:YAG and 300 mJ for the Er:YAG. A
sequence of five pulses at a repetition rate of 1 Hz was applied to the target. The
schematic illustration for the ablation experiments presented in Figure 7.1 was
used for both laser systems. A beam splitter was placed in the beam path to
monitor the pulse energy. The laser pulse was reflected at an angle of 90 ° using a
1064 nm BK 7 mirror (CVI laser, Albuquerque, NM) for the Q-switched Nd:YAG
and a gold mirror for the Er:YAG. A convex CaF, lens with a focal length of 100
mm was used to focus the laser beam on the target surface with a spot diameter of

300 pm for both lasers. Energy detectors (PE25BB-DIF, Ophir Optronics Inc.,
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Danvers, MA for 1064 nm and J50, Molectron, Portland, OR for 2.94 um) were
used to monitor the applied pulse energy during the experiment.

The target sample used in our experiments was a 5 mm thick polymethyl-
methacrylate (PMMA, black, 2.5x2.5 cm). In order to perform liquid-assisted
ablation (termed the “wet ablation™), a plastic (Depron) ring was attached on top
of a sample surface maintaining a consistent liquid layer thickness. Four different
thicknesses of plastic rings were tested: 500 pm, 1 mm, 2 mm, and 3 mm, which
provided different thicknesses of the liquid layer. Prior to laser irradiation,
distilled water was deposited inside the ring. The absorption coefficients of water
at the wavelengths of interest (1064 nm and 2.94 pm) were 0.13 cm™ and 12500
cm’, respectively [14,15]. In case of PMMA, the absorption coefficients were
found to be approximately 0.1 cm™ at 1064 nm and > 11000 cm™ at 2.94 um [16-
18]. No plastic ring was used for direct ablation (termed the “dry ablation”),
which presented a control measurement.

Ablation craters were produced with a sequence of five pulses (1 Hz).
Five craters were created at each water thickness. Laser-induced craters were
examined using an Optical Coherence Tomography (OCT) system (4p = 1290 nm,
A4 4 =42 nm, and P = 2.2 mW) with lateral and axial resolutions of ~ 20 pm
[19,20]. A series of vertical cross-sectional images parallel to the laser beam axis

were scanned and acquired over the entire crater with a step-size between images
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of 33 um. Crater volume was quantitatively estimated with image processing

software.

Q-switched Nd:YAG (1064 nm, 30 ns)
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or
Free-running Er:YAG (2.94 pm, 275 ps)

Energy
Detector

Energy Meter

C—_fc—

[

=T

=]

Plastic Ring

Sample \

Mirror

> Lens

Water

b

e

Figure 7.1. Experimental setup for liquid-assisted laser ablation. Four different
liquid layer thicknesses were tested (500 um, 1 mm, 2 mm, and 3 mm).
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7.4  RESULTS

The OCT cross-sectional images of irradiated PMMA samples are shown
in Figure 7.2. The top row was produced by five Nd:YAG pulses at 5.7 J/mm’.
The bottom row was produced by five Er:YAG pulses at 4.2 J/mm”. Figure 7.2(a)
and (b) show the images of direct (dry) ablation and liquid-assisted ablation with
a 500 um water layer, respectively. The crater induced by wet ablation had a
larger crater depth and width than those of dry ablation. Both dry and wet
ablation produced relatively rough and irregular contours. In case of the Er:YAG
laser, Figure 7.2(c) and (d) present the crater topography of dry and wet (using a 3
mm water layer) ablation. In contrast to the 1064 nm laser results, dry ablation
with the 2.94 um laser light produced deeper and wider crater shape than wet
ablation. A relative clean cut was achieved with dry 2.94 um ablation while wet
ablation caused extruded ridges around the irradiation spot.

Ablation volume produced with the two laser systems as a function of
liquid layer thickness are shown in Figure 7.3. No liquid thickness (0 mm)
represents dry ablation. In case of the Q-switched laser, wet ablation with the
entire thicknesses tested produced higher ablation volume, compared to dry
ablation, and the ablation efficiency with a liquid layer increased up to
approximately three times greater than the dry case; application of the water layer
played a significant role in augmenting material removal. The best liquid

thickness was 500 um for nanosecond pulse regime in our experiments, but the
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ablation volume gradually decreased as the liquid layer became thicker than 500
pm. For the free-running Er:YAG laser, the ablation volume decreased inversely
proportional to increase of liquid thickness. The wet ablation with a 500 pm
liquid layer showed comparable ablation volume with the dry case. However, as
the liquid thickness increased, the ablation efficiency became lower, decreasing

by approximately 50 % with respect to the dry ablation.

Wet

Nd:YAG

Er:YAG

(d)

Figure 7.2. OCT cross-sectional images of laser-induced craters using a Q-
switched laser at 5.7 J/mm?” per pulse for a dry case (a) and a wet case with a 500
um liquid layer (b) and using a free-running Er:YAG laser at 4.2 J/mm” per pulse
for a dry case (c) and a wet case with a 3 mm liquid layer (d).
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Figure 7.3. Ablation efficiency as a function of applied liquid thickness using a
sequence of five pulses from each of the two laser systems: (a) Q-switched
Nd:YAG at 5.7 J/mm? per pulse and (b) free-running Er:YAG at 4.2 J/mm? per
pulse (n =5). Note that 0 mm thickness represents dry ablation.
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7.5 DISCUSSION

In the case of a Q-switched Nd:YAG laser, wet ablation promoted ablation
efficiency up to three times greater than dry ablation (Figure 7.3(a)). Rough
crater shapes with irregular contour evidenced photomechanical effects during
both dry and wet ablation processes (Figure 7.2). Due to an irradiance of 19
GW/cm?, the optical breakdown with the Q-switched Nd:YAG laser pulses was
observed. Plasma luminescence and an audible noise from acoustic wave
generation substantiated the breakdown process during laser irradiation.
According to previous studies, the augmented ablation performance during wet
ablation was explained by additional mechanical effects. Owing to a significant
temperature increase (up to 15000 K [21]) during plasma formation, thermal
conduction to the liquid layer caused the water to become superheated, inducing
homogeneous generation of vapor bubbles. The pressure inside the bubble P,

was estimated using

P, :Psm(ﬂ)-eXp{vl -(8;71}“,(2))} (7.1)

!

where T), Py, P, v, and R are the temperature of the superheated liquid, the
saturation pressure at the liquid temperature, the pressure of the superheated
liquid, specific volume, and gas constant respectively [5]. As the water

temperature approached 0.837. (7.: thermodynamic critical temperature of
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water), the pressure described above increased close to the saturation pressure at
the liquid temperature, initiating bubble formation with spherical shock wave
generation. We suggest that this gave rise to additional mechanical impact,
enhancing ablation efficiency. In addition, when the plasma is confined in the
water layer [11] and since the acoustic impedance of water (Z,,qr = 1.48 X 10°
kg/m’s) is greater than that of air (Z,;, = 410 kg/m’s) [5], shock waves induced
by water vaporization and plasma formation are reflected at the interface
between air and water; more compressive waves are applied to the sample,
leading to more material removal [5]. Lastly, during both spherical and hemi-
spherical bubble collapses near a rigid boundary, a high-speed, liquid jet
impinges on the sample surface [22]; the jet during bubble collapse possibly
involves high impulsive pressure as additional mechanical force improving
ablation efficiency.

According to Figure 7.3(a), the wet ablation efficiency decreased with
the layer thickness. Since water had a relatively high heat of vaporization of
2260 kJ/kg [23], a thicker water layer increased heat loss during/after laser
irradiation, which decreased temperature rise, possibly limiting pressure
generation during bubble formation/collapse (equation 7.1). This would account
for diminished ablation performance with liquid thickness. We conclude that a
thinner liquid layer with a short-pulsed laser is desirable to enhance laser

ablation efficiency. The thinnest layer we could reliably test in this research was
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500 pum. In order to apply a liquid layer thinner than 500 pm, it may be possible
to use a thinner plastic ring with water and add a surfactant to the water to
reduce surface tension. In addition, a liquid-puffing system ejecting saturated
vapor on the sample surface can be used to form a thin liquid film, of which
thickness was estimated to be dozens of microns [24].

On the other hand, a free-running Er:YAG laser beam was absorbed
within a few microns in the water surface. Since the pulse duration was longer
than 100 ps, the underlying mechanism was associated with photothermal
processes. According to a previous study, the direct irradiance of the sample in
water environment is induced only through a laser-induced vapor channel (the
“Moses effect”) [25]. At the onset of laser irradiation, high absorption of water
(12500 cm™ at 2.94 um) initiated a vaporization process producing a water
channel and transmitting the rest of the laser pulse; as a thicker water layer was
applied, more light energy was required to create a channel. In addition, it was
conceivable that up to 500 pm, the explosive liquid vaporization maintained
comparable ablation performance with that of dry ablation, but with thicker
layers, energy coupling with the target became lower, diminishing the ablation
efficiency (Figure 7.3(b)). Our previous study showed that only 30 % of the
energy for a 275 ps pulse with a pulse energy of 50 mJ reached the target
through a 1 mm water layer [26]. It was confirmed that the target absorbed more

light energy at 2.94 pum rather than 1064 nm due to larger ablation volume
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produced by the Er:YAG laser (Figure 7.2(a) and (c)). In addition, after the
onset of laser irradiation, water cooling during meting state of the sample
possibly resulted in formation of extruded rims around the spot (Figure 7.2(d)).
Hence, due to energy loss by high water absorption, application of a thin water
layer (< 500 pm) can be required for a long-pulsed Er:YAG laser in order to

prevent any reduction in ablation efficiency.

76  CONCLUSION

Liquid-assisted ablation efficiency with both Q-switched Nd:YAG and
free-running Er:YAG lasers was evaluated as a function of liquid thickness
ranging from 500 um to 3 mm. Due to additional mechanical impacts, wet
ablation with the Q-switched Nd:YAG laser showed up to three times higher
ablation volume than dry ablation. More heat dissipation with a thicker liquid
layer reduced ablation efficiency, which was still greater than the dry case; a
thinner liquid layer (< 500 pm) was thought to be advantageous in terms of
ablation performance. In case of long-pulsed Er:YAG laser, wet ablation
efficiency decreased by up to 50 % of dry case as the liquid layer became thicker.
Due to higher absorption coefficient of water at 2.94 um, the energy loss during
water vaporization limited the amount of the laser energy transmitted to the

sample, consequently decreasing ablation efficiency.
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Chapter 8: Mechanisms of Spray-assisted Laser Ablation of
Dental Hard Tissue

81 ABSTRACT

The objective of this study was to understand the dominant mechanism(s)
for dental enamel ablation with the application of water spray. A free-running
Er,Cr:YSGG laser was used to ablate human enamel tissue at various radiant
exposures. Distilled water was sprayed to the sample surface, and desiccated
samples were also tested with direct irradiation for comparison. The optimal flow
rate was examined by comparing ablation volumes at various radiant exposures
and spray flow rates. The ablation threshold for each condition and the
transmission loss by water absorption were quantified as a function of radiant
exposure. In order to identify dominant ablation mechanisms, transient acoustic
waves and temperature increase were compared, and Schlieren flash photograph
also was performed. Ablation efficiency was evaluated with Optical Coherence
Tomography (OCT). Ablation efficiency increased slightly as spray flow rate
decreased. Single pulse damage threshold for spray condition was 2.1 J/em?,

which was 60 % higher than that of dry (1.2 J/em?®). Due to water absorption, the
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application of water spray reduced energy transmission efficiency. Spray ablation
increased ablation volume up to twice with approximately six times higher peak
acoustic amplitude as compared to the dry condition. The temperature
distribution indicated the cooling effect of water spray which helps prevent
thermal side effects. Dry ablation showed irregular surface deformation, charring,
and peripheral cracks while craters for spray samples were relatively clean
without thermal damage. In spite of the higher damage threshold due to water
absorption, spray ablation enhanced both the laser-induced acoustic transients and
the ablation efficiency over the entire range of radiant exposures, compared to dry
ablation. The enhanced pressure and ablation performance of the spray-assisted
process was associated with rapid vaporization of water spray, material ejection
with recoil stress, interstitial water explosion, and/or liquid-jet formation. With
water cooling and abrasive/disruptive mechanical effects, the spray ablation can

be a safe and efficient modality for dental treatment.

8.2 INTRODUCTION

Applications of infrared (IR) lasers in dental research has been
investigated since 1960s; lasers have included CO,, Nd:YAG, Ho:YAG, and
Er:YAG [1-6]. Dental ablation studies have demonstrated that these lasers can
remove caries and hard dental tissues and be used in root canal preparation with

more or less thermal effects. Compared to conventional mechanical drills, non-
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contact laser surgery eliminates vibrations and permits more precise and
comfortable removal of caries. The main IR energy absorbers for enamel are
water and hydroxyapatite since enamel comprises of 85 — 95 % carbonated
hydroxyapatite, 8 — 12 % water, and 2 — 3 % protein and lipids [7,8]. In case of
Er:YAG dental ablation (4 = 2.94 um), the primary mechanism reported is the
thermo-mechanical interaction due to the high absorption peak of water at 2.94
um. Laser irradiation at this wavelength rapidly heats interstitial water, resulting
in explosive removal of the outer layers of the enamel [9-13].

When medical lasers are used without water or cooling, physical
limitations such as irreversible thermal damage to hard tissue structures may
occur due to a combination of long pulse duration and high radiant exposures
which results into a high temperature rise and heat conduction. However, no
thermal damage has been reported when using the Er:YAG laser because of its
high absorption and resulting micron penetration depth. Thermal and/or
mechanical damage can be avoided through application of water during laser
ablation [14-23]. The water prevents pulpal heating and dehydration of the
irradiated tissue which would otherwise result in tissue thermal damage and
reduced tissue ablation [17,21]. The use of water improves ablation efficiency
and surface morphology [20]. Rapid water vaporization and/or ensuing
microexplosions are believed to remove tissue debris and surface asperities in the

irradiated tissue [14,20,21,23].
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One type of laser considered effective for ablation of hard and soft tissues
is the Er,Cr:YSGG (4 = 2.79 um). With the assistance of a mixture of air and
water droplets, this laser effectively removes hard dental tissues [24,25]. The
absorption coefficient of water at 2.79 pm is u, = 5300 cm™, which is lower by
more than two folds than that at 2.94 pm (u, = 12500 cm™), and the 2.79 pm
wavelength corresponds to an absorption peak of hydroxyapatite [26,27].
Therefore, the Er,Cr:YSGG using a sapphire fiber tip and water spray is proposed
as an alternative laser system for safe and efficient dental ablation.

Understanding the dominant mechanism(s) of water-assisted dental
ablation is necessary in order to exploit and control the laser dental treatment in a
predictable and efficient manner. In this study, the spray-assisted enamel ablation
was characterized by quantifying the ablation threshold and ablation efficiency as
a function of the free-running type pulse of the Er,Cr:YSGG used to irradiate
tissue at various parameter and spray flow rates. Ablation performance was
compared for dry and spray enamel samples as a function of radiant exposure. By
measuring acoustic wave generation and dynamic imaging of the ablation process,

the role of water spray during material removal was examined.
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83 MATERIALS AND METHODS
8.3.1 SPECIMEN

Tissue samples were derived from freshly extracted adult human molars.
The teeth were cut with a dental diamond band saw to create a flat surface with a
thickness of 1 ~ 2 mm. Dehydration was minimized by storing all samples in
sterile water at 4 °C for no more than a week. The cross-sectional area of enamel
was irradiated, and two different sample conditions were tested: samples were
either desiccated at room temperature for 48 hours or stored in sterile water prior
to experimentation. The desiccated teeth were ablated without using a water
spray system (termed the “dry condition”); on the other hand, hydrated samples
were ablated using the water spray during laser ablation (termed the “spray
condition”). Distilled water was used in an aerated water spray system. Optical,
thermal, and mechanical properties of the target materials are summarized in

Table 8.1.

Table 8.1. Optical, thermal, and mechanical properties of water and enamel [26,28-30]

Material Properties Water Human Enamel
. . . |
Optical Absorption Coefficient (cm™) 5300 636
at2.79 pum
Thermal Conductivity (W/m-K) 0.611 0.88 —1.07
Fracture Toughness (MPa/m"?) N/A 0.7-1.27
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8.3.2 LASER SOURCE AND WATER SPRAY SYSTEM

Enamel samples were ablated with using a clinical Er,Cr:YSGG laser
(Waterlase MD, BioLase Technology, Irvine, CA). The laser system was set at
10 Hz, and either a single pulse or a sequence of ten pulses was applied to the
target. The pulse duration varied between 100 ps and 150 ps as a function of
pulse energy from 3 mJ to 200 mJ. The laser energy was delivered through a
fiber optic system to a handpiece containing a sapphire tip with a diameter of
about 600 um and a divergence of 8°. The output pulse energy of the delivery
system was measured with an energy meter (EPM 2000, Molectron, Portland,
OR) along with a pyroelectric joulemeter (J50, Molectron, Portland, OR) before
and after each irradiation of the enamel sample. In order to avoid possible
artifacts due to fiber tip damage during tissue ablation, the tip was replaced if the
measured energy was reduced by more than 15 % of the initial output energy. In
addition, the handpiece included a built-in pressurized water spray irrigation
system with adjustable flow rates ranging from 2.8 ml/min to 22.8 ml/min. To
achieve a stable flow rate, the water spray was initiated and terminated three
seconds pre and post laser pulse, respectively. With and without using the water
spray system, enamel ablation was characterized in terms of ablation performance
and pressure generation. A schematic illustration of the experimental setup is
shown in Figure 8.1. A 1.5 mm thick CaF, window (Edmund Optics, Barrington,

NJ) was inserted into the laser system to produce a triggering signal. Using a lens
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system, the reflected light from the window was focused onto a fast Si
photodetector (1 ns rise time, J12-18C-R250U, EG&G, Montgomeryville, PA),
which produced a triggering signal for digital oscilloscope (TDS3054, Tektronix,
Beaverton, OR) to measure the temporal profile of optical pulses and acoustic
transients. The irradiation spot on the target was adjusted with a three-axis
translation stage. The gap between the fiber tip and the tissue sample was
maintained at approximately 500 um for all the experiments, which is a clinically

accepted working distance.

8.3.3 HIGH-SPEED IMAGING AND ACOUSTIC WAVE MONITORING

In order to observe the dynamics of ablation process, Schlieren flash
photography was performed (Figure 8.1). A Xenon flashlamp (5 ps typical
exposure time, MVS-2601, EG&G, Salem, MA) was used to illuminate the fiber
tip during laser irradiation and to image the ablation process at the instant time
totAt (¢p: laser onset time and 4z: delay time between laser onset and illumination).
A white diffusing screen was placed in front of one flashlamp fiber. By means of
using a delay generator (DGD 535, Stanford Research Systems, Sunnyvale, CA),
a sequence of delay times (4¢) provided images of the ablation process from the
beginning of laser onset. This experiment required repeated irradiations to create
a complete sequence of the ablation process, and a new position was ablated at

each time. Concurrent images on the dynamics of enamel ablation were captured
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at various times by a high-speed camera (FASTCAM Super 3K, Photron, San
Diego, CA) operating at 1000 frames per second and transferred to a recorder.
Imaging was performed using the transmittance (shadowgraph) and/or reflectance
modes.

Laser-induced acoustic waves were monitored using a piezoelectric
airborne transducer (132A42, PCB Piezoelectronics, Depew, NY) with a
bandwidth of 1 MHz and a sensitivity of 0.308 mV/Pa. The microphone was
positioned at a distance of 15 mm from the sample surface under an angle of 30 °
to the beam axis (Figure 8.1). The optical pulse and acoustic signals were
simultaneously recorded on a digital oscilloscope for post-experimental

processing and FFT analysis.

8.3.4 BEAM PROFILE

Figure 8.2 shows a schematic diagram for measuring the beam profile.
The beam profile at the sapphire fiber tip was imaged with a microscope objective
(magnification = 30, NA = 0.4) on to a beam profiler (Pyrocam I, Spiricon, Logan,
UT) that was placed at the image plane. The beam profiler was triggered by a
photodetector, and the acquired images were transferred to a personal computer
equipped with a frame grabber. To determine the degree of deviation from the
TEMyo mode, a Gaussian fit was performed using software installed in the beam

profiler.
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Figure 8.1. Schematic illustration of experimental set-up for laser-induced
acoustic measurement and Schlieren flash photography during enamel tissue
ablation (PD: photodetector, #,: laser onset time, and 4¢: delay time)
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8.3.5 LIGHT TRANSMISSION AND TEMPERATURE MEASUREMENT

Attenuation of the laser beam by the water spray was determined using the
experimental setup shown in Figure 8.3(a). A 5 mm thick CaF, window was
placed 500 um in front of the fiber tip to block the water spray, and a Molectron
energy probe was used to measure the laser energy transmitted through the CaF,
window. Energy measurements with and without the application of water spray
as a function of radiant exposure were compared to quantify the efficiency of light
transmission.

The effect of water spray on the temperature distribution during irradiation
of a hard tissue phantom approximately 500 um in front of the fiber tip at 45° was
evaluated with different radiant exposures using the system described in Figure
8.3(b). Polymethyl-methacrylate (PMMA, black, 2.5x2.5x0.5 cm) was selected
as a phantom to obtain a larger flat surface. A temperature response was induced
by a single laser pulse in the PMMA; the radiant exposures were chosen higher
than the dry damage threshold of the PMMA (approximately 0.91 J/cm?). Placing
an IR mirror at 45° to detect emissivity from the target, an infrared focal plane
array (IP-FPA) camera (Phoenix model, Indigo Systems, Santa Barbara, CA) with
a 3-5 pum bandwidth provided thermal images (frame rate = 100 Hz) of the
irradiated PMMA surface for dry and spray cases. The camera was triggered by a
function generator (33120A, Hewlett Packard, Palo Alto, CA), and internal and

external filters prevented any of the laser light to reach the camera detectors.
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Figure 8.3. Experimental arrangements to (a) quantify the efficiency of light
transmission and (b) measure temperature distribution during a single laser pulse

with and without water spray

141



8.3.6 ABLATION THRESHOLD AND EFFICIENCY

The threshold for single pulse ablation of enamel was defined as the
incident radiant exposure to induce either mass ejection or surface disruption. A
single laser pulse was applied and a double blind study was performed to prevent
biased decisions. The pulse energy was altered around the anticipated threshold
level (n = 33). Each pulse was scored as a 1 (mass ejection or surface
deformation) or a 0 (no mass ejection or surface deformation). Forward
illumination and dark background were employed to visualize plume formation
during dry ablation. For spray samples, surface deformation was observed using
an optical microscope. Results were post-experimentally analyzed using Probit
analysis [31]. The ablation threshold was specified as the radiant exposure at
which ablation occurred with a 50 % probability. The probabilistic approach
considered localized variations in optical, thermal, and mechanical properties of a
specimen that could potentially influence the ablation threshold values.

Multiple pulse ablation craters were produced with ten pulses as a function
of radiant exposure and spray flow rate at a certain radiant exposure. Ablation
efficiency was determined for dry and spray conditions. Crater dimensions were
measured with an optical coherence tomography (OCT) system (1p = 1290 nm, 4
A =42 nm, and P = 2.2 mW) with lateral and axial resolutions of ~ 20 pm [32,33].
A series of vertical cross-sectional images parallel to laser beam axis were

scanned and acquired over the entire crater with a step-size between images of 43
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pm. Crater volume was quantitatively estimated with image processing software.
Also, the craters were observed with an optical microscope to compare quality of

laser ablation and morphological deformation.

84  RESULTS
8.4.1 BEAM PROFILE

Image of the Er,Cr:YSGG laser beam without spray measured with a
pyroelectric solid-state camera is shown in Figure 8.4. With the software using a
least square method, the correlation between the measured data and the fitted

Gaussian profiles was defined as

N A

: 5 8.1)

where G. = Gaussian correlation, /), = measured intensity, and /o = fitted
Gaussian intensity. The laser produced a multimode beam that deviated from
TEMy, mode with a correlation of 0.851. Overall, the Er,Cr:YSGG laser created
a cone shape beam with randomly located hotspots around the peak intensity

slightly deviated from the beam center line.
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Figure 8.4. Beam profile of the Er,Cr:YSGG laser (pulse energy Oy = 10 mJ)

8.4.2 EFFECT OF WATER SPRAY FLOW RATE

In order to determine the optimal water spray flow rate, ablation volume
was evaluated as a function of flow rate. The laser-induced enamel craters were
produced using three different radiant exposures (H = 13, 28, and 52 J/em® per
pulse) with ten pulses, and five different flow rates were tested: 2.8, 8, 12.5, 16.8,
and 22.8 ml/min. Ablation volume at various radiant exposures and flow rates are
compared in Figure 5. No water spray was applied at the flow rate of 0 ml/min,
which provided a control measurement. It was observed that ablation volume
increased with the applied radiant exposure and decreased as the flow rate
increased for all the radiant exposures. Application of water spray produced up to

approximately three times larger volume than the control ablation. At a flow rate
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of 2.8 ml/min, increasing radiant exposure augmented ablation volume (Figure
8.5). As radiant exposure approximately doubled from 13 J/em? to 28 J/em?,
ablation volume increased by a factor of five. Another doubling of radiant
exposure to 52 J/em® caused a factor of ten increased in ablation volume;
application of the water spray played a significant role in augmenting enamel
ablation. In addition, at the radiant exposure of 52 J/cm®, the ablation volume
difference between the lowest (2.8 ml/min) and highest (22.8 ml/min) flow rates
was approximately 17 %. The flow rate used in current dental treatments is
typically set at 8 ml/min, and since both 2.8 ml/min and 8 ml/min produced
comparable ablation efficiency, the remaining experiments were performed using

flow rate of 8 ml/min.
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Figure 8.5. Comparison of ablation volume as a function of radiant exposure and
water spray flow rate (n = 3)
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8.43 ABLATION THRESHOLD

The threshold radiant exposure was obtained using Probit analysis.
Ablation thresholds for dry and spray samples are shown in Figure 8.6. The
thresholds for dry and spray conditions occurred at 1.2 J/em® and 2.1 J/cm®
respectively. Since water highly absorbs 2.79 um light, the radiant exposure at

the sample was less than the ‘no spray’ radiant exposure.
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Figure 8.6. Probit curves of ablation thresholds for dental enamel under different
sample conditions: (a) dry (Hy = 1.2 J/em?) and (b) spray (Hy = 2.1 Jem?) (n =
33 and flow rate = 8 ml/min)
8.4.4 TRANSMISSION MEASUREMENT

Since the spray ablation threshold was approximately 60 % higher than the

dry case, energy transmission through the spray was determined. The transmitted

radiant exposure was plotted as a function of incident radiant exposure (Figure
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8.7). A linear relationship (R’ = 0.99) was observed between the incident and
transmitted radiant exposures; however, the onset of energy transmission did not
occur until the incident radiant exposure reached at approximately 2 J/cm’.
Therefore, we believe that 2 J/cm® is required to induce a vapor channel in the
spray to deliver the remaining laser pulse. Material removal process was initiated

beyond this threshold (Figure 8.6).
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Figure 8.7. Energy transmission as a function of incident radiant exposure (flow
rate = 8§ ml/min)

8.4.5 TEMPERATURE MEASUREMENT
To evaluate the effect of water spray on the thermal distribution, the

transient 2-dimensional surface temperature induced by a single laser pulse was
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measured for the dry and spray cases. PMMA was chosen instead of dental tissue
due to its higher damage threshold to test thermal convective motion of water
spray during subablative radiant exposures. Thermal imaging (frame rate = 100
Hz) of both dry and spray cases was employed at 1.3 J/cm® and 3.6 J/cnt’,
respectively (Figure 8.8(a) and (b)). The water spray was not synchronized with
the laser pulse to ensure the stabilization of spray flow rate (initiated and
terminated three seconds pre and post pulse). The laser-induced temperature
increase for dry condition was 51 °C; on the other hand, the spray condition
temperature increase was only 40 °C with higher radiant exposure than dry case.
The laser-induced temperature increase of dental tissue would be lower due to the
difference in PMMA and enmal optical/thermal properties. In Figure 8.8(a), the
fiber tip was positioned in the center of the image, and the heat diffusion at the
irradiated spot during dry ablation took longer than 100 ms with the presence of
thermal damage on the surface. However, the spray condition initially showed
lower temperature, followed by more rapid heat diffusion without any indication
of collateral disruption, compared to dry condition (Figure 8.8(b)). As the time
elapsed after the laser onset, the heat at the irradiated spot diffused out and at 20
ms, it completely disappeared on the image, which implied that the thermal
diffusion caused by water spray cooling and dynamics of water flow possibly

reduced heat accumulation time, leading to prevention of thermal damage.
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8.4.6 ABLATION EFFICIENCY

In order to understand the role of water spray in enamel ablation, ablation
performance for dry and spray cases was compared. Figure 8.9 shows top-view
microscope and cross-sectional OCT images for both conditions. Dry and spray
cases were irradiated with ten pulses at 38.7 J/em® and 35.8 J/em?® per pulse,
respectively. The dry sample had irregular surface deformation, charring, and
randomly distributed peripheral cracks, which possibly indicated thermal injury
due to excessive heat accumulation during/after laser irradiation (Figure 8.9(a)).
Craters for spray samples were relatively clean without any indication of thermal
damage. The crater width of spray-assisted ablation was wider than that of dry
ablation (Figure 8.9). Dimensions of ablation craters for both dry and spray cases
are compared in Figure 8.10. Ten pulses with various radiant exposures per pulse
ranging from 3.4 to 51 J/cm® were applied to the enamel samples. Regardless of
sample condition, ablation volume increased with radiant exposure. The volume
induced by the spray ablation was up to twice larger than the dry condition.
Although ablation threshold (surface disruption) for the dry condition occurred at
1.2 Jem? (Figure 8.6(a)), the mass removal measured with the OCT system

required 3.5 J/em®.
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Figure 8.8. Thermal images of heat diffusion measured by IR thermal camera
during (b) dry (H = 1.3 J/em® and AT = 51 °C) and (c) spray process (H = 3.6
Jem® and AT = 40 °C) (Note that the flow rate was 8 ml/min. Temperature
increase index is displayed in the far left column, and time elapsed after the onset
of the 150 ps laser pulse is shown above each image)
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charring cracks

Figure 8.9. Top view ((a) and (b)) and cross-sectional OCT ((c) and (d)) images
of enamel tissues ablated with ten pulses for dry ((a) and (c), H = 38.7 J/cm® per
pulse) and spray ablation ((b) and (d), H = 35.8 Jem? per pulse). Note that flow
rate = 8 ml/min and each dotted line in (a) and (b) indicates a cross-section of the
crater for OCT image.
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Figure 8.10. Comparison of ablation volume measured with OCT for dry and
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8.4.7 PRESSURE MEASUREMENTS

The signatures of acoustic transients during enamel ablation under dry and
spray conditions were investigated at various radiant exposures. Typical traces,
which were the average of ten signals at H = 18.1 J/em®, of optical pulse and
microphone signals for both cases are presented in Figure 8.11(a) and (b).
Additionally, for the purpose of comparison, pressure measurements were
performed during laser spray irradiation on a CaF, window (500 pm distance).
This non ablative irradiation produced an acoustic emission induced by water
vaporization (Figure 8.11(c)). For all three cases, the acoustic signals were
generated approximately 45 ps after the beginning of the laser pulse. Since the
speed of sound for air is 343 m/s at 20 °C [34], the propagation time of pressure
wave through the distance (15 mm) between the sample surface and the
microphone ensured a temporal delay between the onset of the laser pulse and the
acoustic wave of 44 ps. The acoustic shapes of spray with and without ablation
initially produced a bipolar wave with a peak amplitude higher than that of the dry
ablation. In order to compare different acoustic signals, time window FFT
analysis was performed on the initial part of the transducer signals (Figure 8.12)
since the acoustic waves for the dry ablation were mainly generated during the
first 50 ps of the signal. Two frequency spectra for the spray conditions with and
without ablation were also compared in Figure 8.12(b). In general, the amplitude

of the frequency spectra for the spay ablation was up to twenty times greater than
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that for the dry case, possibly showing the enhanced ablation performance
assisted by water spray. In addition, although the amplitude generated by the
spray with no ablation was about three times greater than that of the spray
ablation, the peak in the ablative spray spectrum at 80 kHz was relatively well
correlated with the non ablative spray case (Figure 8.12(b)). Peak acoustic
amplitudes for dry and spray conditions with a single pulse measured at 15 mm
from the sample surface are compared at various radiant exposures in Figure 8.13.
Spray ablation produced stronger pressure magnitudes than the dry ablation over
the entire radiant exposures. The peak pressure amplitude of the spray case was
found be six times greater than the dry condition. In Figure 8.13, the peak
compressive stress (Ppe) for the dry case was curve-fitted by the following

expression:

P (Pa)y=A-(H-H,)" (8.1)

4/3/82/3 '1’Il7/3

where 4 (kg'*-cm ) is a arbitrary parameter for best fitting the given

data , H (J/em®) is the incident radiant exposure (J/em?), and Hy, (J/em?) is the dry
ablation threshold of 1.2 J/cm®. The equation represents a model of steady-state
surface vaporization [35], based on the assumption that the pressure generated
during plume expansion is proportional to the recoil stress exerted on the tissue.

In case of spray ablation, additional pressure induced by rapid water vaporization

along with the recoil stress could be coupled together into the target. Hence, the
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piezoelectric microphone performed a direct measurement of overall acoustic
transients in the ablation process. It should also be noted that the actual pressure

amplitude at the surface is much greater than the measured pressure due to wave

propagation loss.
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Figure 8.11. Temporal behaviors of the Er,Cr:YSGG laser pulse (top) and the
measured transient pressures (bottom) for (a) dry and (b) spray ablation from the
enamel surface and for (c) spray (no ablation) from the glass surface. Note
difference in scale. (H = 18.1 J/cm®, average of ten signals, and flow rate = 8
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Figure 8.12. FFT analysis of acoustic signal for (a) dry and (b) spray ablation. In
case of spray condition, the acoustic signal induced by the spray on a non ablative
material is included for comparison. Note difference in scale. (H = 18.1 J/em®,

average of ten signals, and flow rate = 8 ml/min)
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Figure 8.13. Comparison of acoustic amplitudes at 15 mm from the enamel
sample surface for dry and spray cases as a function of radiant exposure with a
single pulse (n = 10, initial radiant exposure = 3.5 J/em®, and flow rate = 8
ml/min). The line through dry ablation was based upon a curve fit using equation
8.2.
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8.4.8 HIGH-SPEED IMAGING
To understand the dynamics of the ablation process for different
conditions, fast flash images of enamel ablation were acquired with the

Er,Cr:YSGG laser at the radiant exposure of 32.5 J/cm?

. Figure 8.14 presents a
sequence of material removal for the dry and spray conditions. In case of the dry
sample, an ablation plume was initially visible 5 ps after the onset of the laser
pulse. The remainder of the laser pulse passed through the plume. 230 ps after
the onset of the laser pulse, most of the ejected mass was removed from the beam
path between fiber tip and sample, and at 700 ps, no remaining debris was
observed. The dry ablation produced a prolonged ‘flash’ in the beam path, which
lasted up to 500 ps, long after the Er,Cr:YSGG laser pulse ended. This whitish
‘glow’ possibly resulted from strong interaction between the incident laser pulse
and debris in air and/or violent chemical decomposition. The chemical
decomposition might have released sufficient energy to induce the prolonged
glow long after the end of the laser pulse. On the other hand, the spray ablation
initially showed violent water explosion with glow formation over the enamel
surface 5 us after the laser onset. The rapid expansion of water vaporization
proceeded for up to 50 us, and the glow lasted for approximately 30 ps, which
was much shorter than that the dry case. Unlike the dry case, any distinctive

plume ejection/propagation was hardly observed around fiber tip 150 ps after the

laser onset although water vapors possibly interrupted clear imaging of dynamics
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of the ablation plume. From the time-resolved photographs, it was noted that the
spray ablation initiated water vaporization as well as enamel ablation, and
compared to the dry condition, water spray flow/water vaporization rapidly
washed away ablation plume and reduced the sustaining time of the glow that

could be involved in fiber damage and thermal effects to peripheral tissue.
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5 s 60 us 160 ps 230 ps 700 us

Enamel -

(a) Dry

5 us 10 pus 80 ps 190 us 700 ps

(b) Spray

Figure 8.14. Compilation of enamel ablation process for (a) dry and (b) spray conditions. Note that the radiant
exposure was 32.5 J/cm®. Time elapsed after the onset of the 150 ps laser pulse is shown above each image.
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8.5  DISCUSSION

Laser ablation data as a function of radiant exposure for a single and a
sequence of ten pulses were analyzed for dry and spray conditions. Tests using
spray indicated maximum material removal for flow rates between 2.8 ml/min and
8 ml/min (Figure 8.5). The volume of enamel removed using water spray with the
laser pulses was up to twice greater than dry condition. The fine, dusty,
emulsified plume formation depicted in the time-resolved images (Figure 8.14(a))
was supportive of a photothermal process during dry ablation while spray ablation
was subject to explosive liquid vaporization with augmented pressure which
indicated hydro-photothermal and hydro-mechanical effects (Figures 8.13 and
8.14(b)).  Hydro-photothermal effects are produced as a result of rapid
vaporization of water spray while the hydro-mechanical effects are the result of a
combination of processes such as acoustic emission during explosive liquid
vaporization and interstitial water expansion, surface effects of shear stress on the
crater wall, and liquid-jet formation during microbubble collapses near a surface.
Single pulse ablation thresholds for dry and spray cases were 1.2 J/cm® and 2.1
J/em?, respectively. Transmission loss caused by absorption of a portion of the
laser energy by the spray increased the ablation threshold of the spray condition
(Figure 8.7). Spray-assisted ablation significantly reduced heat diffusion time

with less temperature increase, compared to dry ablation (Figure 8.8).

162



Water film or spray-assisted laser ablation has been investigated
previously [14,16,18,20,21,24]. The water spray increased ablation efficiency up
to twice greater than dry ablation via rapid water vaporization imparting an
ablative momentum to the sample surface (termed the “hydrokinetic effect” [14]).
The impact momentum induced substantial mechanical ablation on the target
surface, subsequently removing ablation debris and undesirable non-apatite
calcium phosphate phases. [20,36]

In this study, it was determined that the minimum radiant exposure
necessary to create a vapor channel through water spray was 2 J/cm® in our
experiments (Figure 8.7). The channel provides an open path for delivery of part
of the pulse energy. This minimum delivery dose is undoubtedly influenced by
the experimental situation, but it illustrates that the entire laser pulse does not
reach the target. A previous study showed that the direct irradiance of the sample
in water environment was allowed only through a laser-induced vapor channel
(the “Moses effect”) [37]. The absorption coefficient (u,) of Er,Cr:YSGG laser
wavelength in water is 5300 cm™ (shown in Table 8.1), which corresponds to the
/e light penetration depth (6 = 1/u,) of 2 um according to Beer’s Law [38].
Figure 8.15 shows an image of the Er,Cr:YSGG laser-induced vapor channel of
maximum depth in water at 90 ps after the onset of the laser pulse resulting from
a radiant exposure of H = 1.8 J/cm®. According to partial vaporization theory, the

formation of small vapor nucleation bubbles initially occurs at nucleation sites in
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front of the fiber tip, and theses bubblets coalesce to form a vapor channel
through rapid expansion of individual bubblets produced by the remaining portion
of the laser pulse [39,40]; according to the image, the cone shaped vapor channel
produced with a radiant exposure of 1.8 J/cm® is approximately 500 pm in depth
(Figure 8.15). In case of spray ablation, the vapor channel produced at ablation
threshold should be at least 500 pm in depth, which is in accordance to the time-
resolved photograph image. Since the density of water was 1602 times greater
than that of vapor (at 100 °C, pyrer = 958 kg/rn3 and pygpor = 0.598 kg/m3), the
absorption coefficient of vapor decreased to approximately 3.3 cm™ [29,37];
consequently, laser energy was transmitted to the exposed enamel surface through
the water vapor channel. Furthermore, the initial surface deformation during
spray ablation occurred at 2.1 J/em® which was slightly above the radiant
exposure of 2 J/cm” required for energy transmission.

Laser-induced ablation with a pulse duration longer than 100 pus and no
water spray produced acoustic pressure through transient heating and ablative
recoil during material ejection. A previous study reported that during the material
vaporization phase, the expansion of vapor plume generated acoustic waves
correlated to the intensity of spikes from the laser pulse [41]. Upon the inception
of material ejection, a strong bipolar acoustic transient was produced [42], and
later, the ensuing material ejection was responsible for smaller and irregular

fluctuations of the acoustic signal amplitude. Several studies used a microphone
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to quantitatively measure the acoustic waves [43-45]. Laser-induced stress
generated in tissue was correlated to the pressure wave measured with a
piezoelectric microphone that was coupled into the surrounding air, showing that
the acoustic transients coupled into the air medium were proportional to acoustic
waves measured in the tissue. Amplitudes were different due to the acoustic

impedance at the air-tissue interface [46].

Fiber
Vapor
Channel
600 um
p——]

Figure 8.15. A time-resolved photograph of a laser-induced vapor channel in
water at 90 us after the onset of laser pulse (H = 1.8 J/cm?)
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Dry Ablation

For laser pulses longer than 100 ps, material removal occurred
concomitantly with laser irradiation. In the case of dry ablation, the initial part of
laser pulse corresponded to the generation of a pressure pulse, indicating the onset
of ablation event (Figure 8.11(a)). The thermal diffusion time (z;) for enamel

within the 150 ps laser pulse was calculated, using the following equation:

2
T, = j_a ~ 155 us  when d <<spotsize (8.2)

where a is the thermal diffusivity (4x 107 m?/s for enamel [47]). Since the pulse
duration (z, ~ 150 ps) was slightly shorter than the thermal diffusion time (z;, =
155 ps), Er,Cr:YSGG laser ablation of desiccated enamel tissue was a surface-
mediated process [35]. Upon laser irradiation, a layer of high temperature and
pressure plume gas began to expand rapidly along with the formation of a shock
front emanating from the surface. By applying the laws of conservation of mass,
momentum, and energy, the peak pressure (P,..) in the expanding vapor plume

was expressed as

b {y v +1)Pa} {(72 ~DE, } ©3)
g 2 G7>

where P, is the ambient pressure (Pa), y; and y, are the ratio of specific heats in

ambient air and vapor plume respectively, ¢; is the speed of sound in the
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surrounding air (m/s), and E, is the laser irradiance (W/m?). Using the
differentiation £y = H/t, and assuming that the ablation threshold was required to
initiate material ejection, which was subtracted from the applied radiant exposure,
Equation 8.4 became Equation 8.2 introducing the arbitrary parameter 4. This
parameter represented the fraction of the acoustic energy being coupled into the

transducer and had to satisfy the condition [35]:

A< {m;l)a} {(cy; ;l)}} 64)

According to Figure 8.13, measured peak pressures for dry ablation followed the

curve provided by Equation 8.2 using Hy = 1.2 J/em®. This suggests that dry
ablation is a steady-state surface vaporization process. Since the dry sample was
desiccated prior to experimentation, we would not expect internal explosion of
interstitial water in the enamel to be the dominant ablation mechanism(s).
However, heating of the material does produce stress. The acoustic transients
during material removal for dry case were mainly attributed to recoil stress

induced by plume ejection.

Spray Enhanced Ablation
In contrast to the dry case, the initial pressure signature for spray ablation

was a bipolar wave over 20 ps (Figure 8.11(b)) with about six times greater peak
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pressure amplitudes (Figure 8.13), which increased rather linearly with the radiant
exposure over the range of exposures tested. FFT analysis of the data in Figure
8.11(b) and (c) demonstrated a correlation of frequency spectrum at 80 kHz
between spray (no ablation) and spray ablation along with higher magnitude than
dry ablation (Figure 8.12). In addition, due to overall larger compressive and
tensile waves (shown in Figure 8.11(c)), the spray (no ablation) showed about
three times greater amplitude of the FFT analysis than the spray ablation (Figure
8.12(b)).

According to the image of water vaporization shown in Figure 8.14, the
spray ablation process associated with higher acoustic amplitude can be explained
by a phase explosion of water spray [48]. In the absence of stress confinement
because of the long laser pulse duration [49], once the temperature reaches the
spinodal limit (7; = 290 °C), a phase change with water expansion through
vaporization eventually occurs. Absorption of the laser beam increases the water
temperature possibly beyond its equilibrium saturation temperature, causing the
liquid water to become superheated. Due to heat diffusion and the deflection of
the beam near the critical point, the temperature becomes homogeneously
distributed; therefore, a partial vaporization as saturated vapor and liquid
separated from metastable liquid can be initiated. The occurrence of rapid water
expansion through a rapid vaporization process is accompanied by large pressure

transients [50], which can be characterized by a bipolar shape with a leading
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positive compression wave and a tailing a negative rarefraction wave (Figure
8.11(b)). The Schlieren images in Figure 8.14(b) show the onset of rapid
vaporization of water near the target surface and in the beam path occurred at 5 ps
after the onset of the pulse. The rapid water vaporization process produces an N-
shape wave with spherical propagation because an acousitc wave caused by the
explosion experiences phase inversion due to the mechanics of acoustic source
expanding and collapsing [34]. In comparison with nanosecond laser pulses, the
type of pulse used in this study is capable of providing thermal confinement but
no stress confinement. As a result of the 150 ps free-running laser pulse, the
pressure induced from rapid vaporization with thermal confinement is responsible
for the pressure measured in Figure 8.11(b). Therefore, strong acoustic transients
during rapid water vaporization exert a significant abrasive force upon the enamel
surface, leading to augmented pressure amplitudes and ablation performance.
Since the discrepancy between the spray ablation threshold and the
threshold radiant exposure for energy transmission was H = 0.1 J/cm®, the
temperature increase (47) of water contained in the enamel by this radiant

exposure difference was roughly estimated using the following equation [48]:

# M
p water cv

AT = (8.5)
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where 4, is the absorption coefficient (5300 cm™ for water at 2.79 pm as shown
in Table 8.1), pyaer 1s the density (996 kg/m3 at 25 °C for water), and ¢, is the
specific heat capacity at constant volume (4178 J/kg-K at 25 °C for water). The
calculated temperature rise was approximately 127 °C, which is higher than water
boiling point, so during spray ablation, the internal explosion of interstitial water
could be partially responsible for higher pressure amplitude.

Previous studies show that during vapor bubble collapse in the vicinity of
a surface in terms of ablation process, a high-speed, wall-directed reentrant jet can
be initiated in the bubbles, and the liquid jet formation with outward radial flow
can provide additional mechanical impact (termed the “water hammer pressure”)

on the sample [51]. The impact pressure of this jet can be given by

p C
P c v . enamel =~ enamel c v (8 . 6)

imp water ~ water " jet + water ~ water " jet
p water Cwater p enamel cenamel

where pyaer and Penamer are density and cyurer and Cepamer are the speed of sound for
water and enamel, respectively (pyarer = 998 kg/m® and cyaer = 1481 m/s [34]). If
the liquid-jet velocity vj, near a rigid boundary is assumed to 80 m/s based on a
previous study [52], the computed impact pressure is 120 MPa, which exceeds the
fracture toughness of enamel, shown in Table 8.1. With the formation of a water
layer during water spray propagation, micro-bubbles can potentially be generated

inside the layer during/after laser ablation; consequently, although the impact
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pressure is dependent of bubble-size and rate of energy deposition, the collapse of
potential micro-bubbles could very much contribute to acoustic enhancement
(Figure 8.13). However, in order to initiate bubble formation, the water layer on
top of the enamel should be thicker than a critical size required for bubble
inception.  Hence, further investigations on water film and micro-bubble
formation needs to be performed to evaluate the effect of liquid-jet formation on
spray enamel ablation with a laser.

Due to the conservation of momentum and energy, the acoustic energy
measured by the microphone for the spray condition combines the effects of (1)
rapid water vaporization, (2) recoil stress during material ejection, (3) micro-
explosion due to the rapid expansion of water inside the tissue, and (4) liquid-jet
impact; the total measured pressure could proportionally correspond to an
integration of acoustic excitations coupled into the sample during/after spray
ablation. The measured pressure amplitudes undoubtedly deviated from real
values owing to poor acoustic matching of the air medium and nonlinearity of
wave propagation during plume ejection; nevertheless, the acoustic stresses
recorded in air should still reveal valuable information about dynamic behavior of
enamel ablation in terms of the application of water spray. In Figure 8.12(b), it
was observed that the magnitude of the spray (no ablation) in the frequency
domain was higher than that of the spray ablation in spite of the comparable

acoustic impedances for enamel tissue and window (Zgmer = 13.3 % 10° kg/mzs
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and Zindow = 12.9x10° kg/mzs, respectively [28,34]). During the spray ablation,
plume ejection and water vaporization associated with the turbulent flow in the
ablated site possibly caused variations in enamel density and, hence, acoustic
impedance. Therefore, the change of the acoustic impedance during the spray
ablation resulted in less wave reflection at the air-tissue interface along with
weaker initial tensile amplitude than the non ablative spray case (Figure 8.11(b)
and (c)). However, the comparable dominant frequency (80 kHz) for both spray
(no ablation) and spray ablation implied that the laser-induced water vaporization
played a significant role in augmenting the acoustic pressure, which possibly
contributed to improvement of ablation performance as an additional mechanical
impact (Figures 8.10 and 8.11). Therefore, a combination of explosive water
vaporization (abrasive effect), material ejection with recoil stress, micro-
explosion due to rapid water expansion, and jet formation during spray enamel
ablation can be responsible for the augmentation of peak acoustic amplitude with
longer pressure durations, resulting in the pronounced ablation efficiency (Figures

8.10 and 8.13).

Ablation Volume
As laser-induced ablation concurrently commences during the 150 ps laser
pulse, steady-state models are valid for ablation performance in terms of radiant

exposures well above the threshold (H;;). Thus, once the threshold is exceeded,
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Hibst et al. [26] and Vogel ef al. [48] describe a linear dependence of the ablated

crater depth (d) on incident radiant exposure (H) as follows:

t (8.7)

where K, is the energy required for ablation per unit volume (J/cm®). In our
experiments, Figure 8.10 shows a linear relationship between ablation volume and
the applied radiant exposures above the threshold. In the case of dry ablation, the
linear relation appeared at the radiant exposure (> 14 J/cm?), and relatively poor
ablation efficiency took place because of debris shielding [48]. During the laser
pulse, debris in the beam path absorbed and scattered the incident laser light
which produced a hot or whitish “glow” (Figure 8.14(a)). Thus, it is expected that
the part of the laser pulse reaching the tissue surface decreases with decreasing
ablation efficiency, and with multiple pulses, more shielding effects take place in
the deeper craters. The amount of debris shielding is determined by the
absorption coefficient and plume density. As for the quality of laser ablation, the
desiccated sample created irregular and rough crater contours (Figure 8.9(a) and
(c)). The spatial beam distribution of the Er,Cr:YSGG (Figure 8.4) is considered
to be partially responsible for the crater shape. The randomly located high

intensity spots around the peak intensity induce an inhomogeneous temperature
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distribution with local centers of vaporization, leading to uneven bulky material
removal and irregular crater shape.

Spray ablation demonstrated about twice larger ablation volume at tested
radiant exposures with wider truncated-cone shape, and a linear relationship
between the applied radiant exposure and volume was shown in Figure 8.10. The
V-formed shape of the crater after applying ten successive pulses into the same
crater (shown in Figure 8.9(d)) may be a result of spray water flowing into the
crater between consecutive laser pulses [53]. With high intensity of the laser
pulse during water spray, vaporization of water in the existing crater generates a
vapor channel. The laser-induced pressure during water vaporization pushes the
water out radially and up along the crater wall [54]; shear stress is exerted on the
crater wall, resulting in more material removal. However, the effect of shear
stress needs to be theoretically and experimentally evaluated in the future study.
The water flow also removes debris (plume cleaning effect) and cools the surface.
Therefore, the spray-assisted cutting creates a V-form without any thermal
damage of the peripheral tissue and with increasing ablation volume, compared to
the dry case. The expansion of water vapor inside the crater during multiple
pulses possibly induces an additional mechanical tearing, leading to the enhanced
ablation performance. Moreover, the wide and relatively uniform crater shape
can be attributed to the theory of light scattering by small water particulates

during laser irradiation [21]. When a laser beam strikes, scattering is produced as
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a result of the small water droplets (scatterers) causing the photons to be scattered
and/or absorbed by the scatterers. The laser light can be scattered preferentially in
all directions (water particulate smaller than laser wavelength) or in the forward
direction (water particulate larger than the wavelength). Although the diameter of
the spray water droplet could not be evaluated in our experiment, the wider crater
shape of spray ablation (Figure 8.9(d)) includes the effect of light scattering

during laser-water interaction.

Spray Cooling Effect

In Figure 8.8, the spray ablation showed rapid heat diffusion with less
temperature variation, indicating effect of water cooling. Since the thermal
conductivity of water is approximately 30 times greater than that of air (0.0267
W/m-K), more thermal energy was possibly transferred to the spray, cooling the
enamel surface via vaporization and convection processes. Figure 8.14(b) shows
that due to the cooling effect of the spray, the glow in the beam path lasted for
about 30 ps, which was much shorter than for the dry condition. According to
temperature measurements in Figure 8.8, one can roughly estimate the
temperature increase in the water spray to reduce the heat in the PMMA. 10 ms
after a single pulse irradiation at H = 3.6 J/cm®, the sample weighing 1 mg
induced a temperature increase of 40 °C (Figure 8.8(b)). With a specific heat of

1466 J/kg'K [55], the PMMA acquired an energy rate (E) of approximately 6 J/s.
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Since the heat flux was from the target to the flowing water (Figure 8.8), the
water remained at room temperature. Provided that the calculated energy rate of
E =6 J/s was convected by the water from the PMMA, the temperature rise (47)

in the water spray can be approximated [17] from

E=p,,cVAT (8.8)

where pyaer 1S the density of water (= 996 kg/m3 at 25 °C) and ¢, is the specific
heat of water (= 4180 J/kg'K). For a volume flow rate (V) of 8 ml/min, the
temperature increase in the water is calculated about 11 °C, which could be
required for convective cooling of the PMMA sample. These calculations are all
based on heat transfer without considering the fact that during the ablation process,
the entire volume of tissue above ablation threshold is ejected together with the
heat deposited during the process. In this case, the calculations presented that the
effect of water as a coolant are not entirely representative of the residual heat
transferred to adjacent tissues during ablation. Thus, even if the value is not
based on an exact energy balance, it may infer that considerable cooling of the
enamel is achieved with relatively small temperature increase in the spray.
Although Figure 8.8(b) shows the temperature distribution under spray condition,
IR camera imaging depth should be deeper than thickness of the water layer on
top of the sample surface to provide information on temperature increase during

spray ablation. Hence, additional investigations on thickness of the water layer
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during spray application should be performed. In addition, Rizoiu ef al. measured
in vivo pulpal temperature changes in beagle dog cuspid by using thermocouples
[19]. According to their results, the dry case increased the temperature up to 14
°C while the spray case induced a 2-3 °C drop in temperature instead. Since
irreversible damage to tooth pulpal tissue is initiated with pulpal temperature in
excess of 5.5 °C [17,19], it is correct to consider that the application of water
spray is thermally safe for tooth enamel ablation without any adverse temperature

effect on the dental pulp (Figure 8.9(b)).

86  CONCLUSION

Dental enamel tissue ablation using a free-running Er,Cr:YSGG laser
assisted by water spray was the main goal of this study. The application of water
spray demonstrated an increase in ablation volume up to twice with about a six
times higher peak acoustic amplitude when compared to ablation without the
spray. The enhanced ablation efficiency was associated with rapid water
vaporization, material ejection with recoil stress, interstitial water explosion, and
liquid-jet formation. On the other hand, dry ablation was a surface-mediated
ablation process associated with acoustic transients mainly induced by recoil
stress during plume ejection. In addition, unlike the dry ablation, a wide and
truncated-cone crater shape was produced by spray ablation due to water flow

expulsion and light scattering by water particulates. High thermal conductivity of
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water and the exothermic nature of the vaporization process were attributed to the

low temperature increase and heat accumulation in the tissue. Although under

spray ablation conditions, the energy applied was reduced because of the

reduction in transmission efficiency and higher ablation threshold occurred due to

absorption in the water spray, the spray ablation compensated for the drawbacks

by the enhanced mechanical effects along with water cooling, leading to the

augmentation of enamel ablation efficiency; therefore, as a safe and efficient

modality, the spray-assisted ablation can provide significant beneficial effects for

caries removal, cavity preparation, and placement of restorative dental materials

in dental treatment.
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Chapter 9: Urinary Calculus Fragmentation During Ho:YAG
and Er:YAG Lithotripsy

9.1 ABSTRACT

We tested Ho:YAG and Er:YAG laser ablation of human urinary calculi to
determine if Er:YAG is a more efficient lithotripsy device. Ablation efficiency of
Ho:YAG and Er:YAG lasers was tested at varying energy settings, ranging from
the damage threshold to clinical energy setting associated with Ho:YAG laser.
Stones of known composition (calcium oxalate monohydrate (COM), cystine, and
uric acid (UA)) were irradiated. Crater width, depth, and ablation volumes were
determined using an optical coherence tomography (OCT). For all stones and
energy settings, the Er:YAG laser produced deeper craters and larger ablation
volumes than the Ho:YAG laser. The Ho:YAG laser created wider craters during
the multiple pulse process and the shape of craters was irregular. The Er:YAG
laser is more efficient than the Ho:YAG laser for lithotripsy. The deeper craters
produced by the Er:YAG laser is attributed to the high absorption of energy at its

wavelength.
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9.2 INTRODUCTION

Since the initial introduction of the continuous CO; laser (wavelength 4 =
10.6 um) to fragment human calculi [1], several laser lithotriptors, including
Ho:YAG (4 = 2.12 pum, pulse duration 7, ~ 250 ps), Q-switched Nd:YAG (4 =
1.064 um, 7, ~ 8~20 ns) and pulsed dye laser(4 = 504 nm, 7, ~ 1 ps), 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 an ureteroscope. Among many laser lithotriptors, Ho:YAG laser
is considered to be the most efficient and versatile tool since it can fragment all
compositions 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].

Studies using the Free Electron Laser (FEL) between 2 pm and 10 pm
showed more efficient optical absorption at wavelength corresponding to Er:YAG
laser compared to Ho:YAG lasers for most stone compositions [8]. Initial studies
comparing ex vivo laser lithotripsy of urinary calculi showed more efficient
fragmentation from Er:YAG versus Ho:YAG irradiation [9]. However, Er:YAG

ablation measurements were limited to near calculi-damage threshold energy
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since the delivery fiber (sapphire fiber) for the Er:YAG laser was not able to
tolerate the strong laser-calculi interaction at high pulse energy.

Since the ablation can be reduced due to the debris shielding at high pulse
energy, a comparison of ablation efficiency at high-energy setting is necessary [10,
11]. Considering the higher absorption of Er:YAG laser, it can be subjected to
further reduction compared to Ho:YAG laser. This may lead to comparable
ablation efficiency at high pulse energy. In this study, we investigated the
calculus fragmentation process with long pulsed Ho: YAG and Er: YAG lasers
without using a delivery fiber system. Ablation efficiency of two lasers is
measured using various energy settings, ranging from the damage threshold
energy of calculus to starting energy setting of the clinical Ho:YAG laser. By
comparing laser-induced crater width, depth and ablation volume, the feasibility

of Er:YAG laser lithotripsy is examined.

9.3 MATERIALS AND METHODS

Calcium Oxalate Monohydrate (COM, > 95%), Cystine (> 95%), and Uric
Acid (UA, > 95%) calculus extracted from patients were cut with a dental
diamond band saw to create a flat surface with a thickness of 2~3 mm. A number
of ablation craters were created on calculus slices using a scientific Er:YAG laser
(Schwartz 1-2-3, Orlando, FL, 4 = 2.94 pm, 7, ~ 275 ps at FWHM) and a

Ho:YAG laser (Schwartz 1-2-3, Orlando, FL, 4 = 2.10 um, 7, ~ 275 pus at

184



FWHM). The lasers operated in free running mode with a repetition rate of 2 Hz
(Figure 9.1). A mechanical shutter in conjunction with a 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 CaF; lens with a focal length of 10 cm.
The spatial beam profiles on the target were determined using 1) a knife-
edge method and 2) pyroelectric solid-state camera. A knife-edge was scanned
through the beam with a spatial resolution of 20 um. The transmitted energy past
the knife-edge was measured using an energy meter (EPM 2000, Molectron
Detector Inc., Portland, OR) equipped with a pyroelectric joulemeter (J25,
Molectron Detector Inc., Portland, OR). The transmitted energy past the knife-
edge was normalized with total energy. The beam diameters were estimated from
the knife-edge measurements; we defined the beam diameter as 10 % and 90 %
clip points of transmitted energy through the knife-edge. In order to quantify the
divergence of beam, the beam diameters at 3 mm and 5 mm away from the focal
points were also measured. Figure 9.2 illustrates the schematic diagram of
camera based beam measurement system. The beam profile at the focal plane (on
target surface) of the focusing lens (CaF, I) was imaged with an imaging lens
(CaF; II, with a focal length of 5 cm). A beam profiler (Pyrocam I, Spiricon,
Logan, UT) was placed at the image plane. The beam profiler was based on a

pyroelectric detector array that was triggered by an external InAs photo-diode
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(EG&G Judson, PA). The acquired images were transferred to a personal
computer equipped with a frame grabber. In order to determine the deviation
from the TEMyy mode, a Gaussian fit was performed using the software provided
for the beam profiler. The software uses a least square method that minimizes the
sum of square of the differences between the data and the fitted profile. The
correlation, that represents how well the data matches to the fitted Gaussian

profiles, is defined as follows;

2|z-5|
D>z

G, =1- 9.1)
where G, = Gaussian correlation, Z = measured intensity, and S = Fitted Gaussian
intensity.

By placing a beam splitter in the beam path, pulse energy was monitored
using the energy meter and the pyroelectric joulemeter. A mechanical shutter in
conjunction with a shutter controller was used to block the initial ten pulses,
which were unstable. 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 a
single pulse and five pulses with various energy settings. Laser-induced craters
were examined with an Optical Coherence Tomography (OCT) system (49= 1290

nm, 44 = 42 nm, and P = 2.2 mW) with a lateral and axial resolution of ~ 20 pm
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to obtain quantitative ablation crater dimensions [12,13]. A series of vertical
cross-sectional images (along the laser axis) were obtained over the entire crater.
The step-size between images was 40 um. Crater width, depth and ablation
volume were estimated from the OCT cross sections. Craters were also observed
with an optical microscope to compare the quality of laser drilling and
morphological change. Crater size measures were compared using unpaired

Student’s t-test. A p-value < 0.05 was considered statistically significant.
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Figure 9.1. Experimental setup for calculus ablation measurement.
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Figure 9.2. Experimental setup used to measure the beam profile at the focal
plane (on target surface) during laser lithotripsy.
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94  RESULTS
9.4.1 BEAM PROFILES

Beam diameters on the target surface were determined using knife-edge
scanning through the beam. The transmitted energy past the knife-edge for both
laser beams was measured and normalized with total energy (~100 mJ). The
knife-edge measurements at the focal point (on the target surface) are compared in
Figure 9.3. The beam diameter (from 10 % and 90% clip points) of Er:YAG and
Ho:YAG measures 276 um and 292 pm, respectively. Since both lasers produced

a multimode beam, we defined the beam diameter as the distance between the

10 % and 90 % clip points without multiplying the width adjust factor (1.104 V2 )
which is used for the estimation of 1/e* diameter of a Gaussian beam. The
increase of beam diameters is displayed as a function of the distance from the
focal point (Figure 9.4).

Both lasers produce multimode beams that deviate from TEMy, mode
(Figure 9.5). Overall, the Er:YAG laser produced a truncated cone shape beam
with Gaussian correlation of 0.787. Ho:YAG laser beam has many randomly

located hotspots with Gaussian correlation of 0.710.
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Figure 9.4. Beam diameters as a function of the distance from the focal point.
Error bars represent the standard deviation of five measurements. X-axis
represents the distance from the focal point while the laser beam diverges.
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9.4.2 CROSS-SECTIONAL PROFILES

After single or five pulse irradiation on calculi, laser-induced craters were
scanned using the OCT; typical cross-sectional profiles of COM, Uric Acid, and
Cystine calculi are displayed in Figures 9.6-9.8. Regardless of the irradiation
wavelength, the depth of craters increased with number of pulses. The widths of
Er:YAG-induced craters were comparable, while five-pulses-induced crater of
Ho:YAG was wider than the single pulse-induced one. The Er:YAG laser
produced deeper craters than the Ho:YAG laser. While Er:YAG yielded smooth
crater contours, Ho:YAG made irregular and rough contours.

The observation with an optical microscope revealed significant
differences between two wavelengths (Figure 9.9). Er:YAG-induced craters
display a fairly rounded crater edge with smooth contours. However, the
Ho:YAG produced rough and irregular contours. Crater shape is unpredictable
and obviously dependent on the intrinsic morphology of calculus. Ho:YAG laser
also produced chippings as well as collateral thermal damage(color change and

charring) around the craters.
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Figure 9.6. Vertical cross-sectional topography of Er:YAG and Ho:YAG laser-
induced craters on COM. (a) Er:YAG, Single pulse, Oy = 400 mJ (H = 668 J/cm?),
(b) Er:YAG, five pulses, Qp = 400 mJ (H = 668 J/em?) per pulse, (c) Ho:YAG,

Single pulses, Qp = 387 mJ (H = 578 J/cm?), and (d) Ho:YAG, five pulses, Oy =
387 mJ (H = 578 J/cm®) per pulse.
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500 pm

Figure 9.7. Vertical cross-sectional topography of Er:YAG and Ho:YAG laser-
induced craters on Uric Acid. (a) Er:YAG, Single pulse, Qp = 479 mJ (H = 801
Jlem®), (b) Er:YAG, five pulses, Oy = 479 mJ (H = 801 J/cm®) per pulse, (c)
Ho:YAG, Single pulses, Oy = 439 mJ (H = 656 J/cm?®), and (d) Ho:YAG, five
pulses, Oy = 439 mJ (H = 656 J/cm?) per pulse.
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Figure 9.8. Vertical cross-sectional topography of Er:YAG and Ho:YAG laser-
induced craters on Cystine. (a) Er:YAG, Single pulse, Oy = 479 mJ (H = 801
Jem?), (b) Er:YAG, five pulses, Oy = 479 mJ (H = 801 J/cm®) per pulse, (c)
Ho:YAG, Single pulses, Qy = 524 mJ (H = 782 J/cm®), and (d) Ho:YAG, five
pulses, Oy = 524 mJ (H = 782 J/cm?) per pulse.
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Figure 9.9. Microscopic top views of Er:YAG and Ho:YAG laser-induced craters
on Uric Acid. (a) Er:YAG, Single pulse, Oy = 74 mJ (H = 124 Jem?®), (b)
Er:YAG, five pulses, Oy = 74 mJ (H = 124 J/cm?) per pulse, (c) Ho:YAG, Single
pulses, Qp = 105 mJ (H = 157 J/em?), and (d) Ho:YAG, five pulses, Qp = 105 mJ
(H =157 J/em?) per pulse.
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9.43 CRATER DEPTH AND WIDTH

The crater depth and width of on the calculus are compared quantitatively
in Figures 9.10 and 9.11. For all three calculi, the depth increased with radiant
exposure and the depth of the Er:YAG laser-induced craters was greater than
those using the Ho:YAG (Figure 9.10). Crater depths produced with the Er:YAG
laser were up to six times deeper than Ho:YAG induced craters. Higher pulse
energy yielded wider craters. The width of five-pulse induced craters of Ho:YAG
was larger than single pulse crater (p < 0.05), while there was no statistical

difference between single and five-pulse craters of Er:YAG (p > 0.25).

944 ABLATION VOLUME

Regardless of stone type and laser wavelength, ablation volume increased
with radiant exposure (Figure 9.12). With both single and five-pulse irradiation,
Er:YAG yielded higher ablation volume than Ho:YAG over the whole energy
level tested. Single Er:YAG pulse produced four to five times larger ablation
volume than Ho:YAG for all calculus types. Er:YAG five pulse sequence
produced three to four times larger volume than the Ho:YAG sequence. To
compare the ablation efficiency of a single pulse and multiple pulses, the ablation
volume of five-pulses was normalized with the number of pulses (Figure 9.13).

The ablation efficiency of the Ho:YAG does not change with number of pulses,
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however the efficiency of multiple Er:YAG pulses decreased about 20~30%,
especially for high pulse energies.

Crater depth, width and ablation volume are compared within the same
wavelength and number of pulses across compositions. Regardless of laser
parameters, the crater sizes of calculi are not significantly different (expect two
pairs: Er:YAG single pulse, width, cystine vs. uric acid, p = 0.035 and Ho:YAG

five pulses, width, cystine vs. uric acid, p = 0.028).
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Figure 9.12. Crater volume as a function of radiant exposure per pulse. (a)
Er:YAG, COM; (b) Ho:YAG, COM; (c) Er:YAG, Uric Acid; (d) Ho:YAG, Uric

Acid; (e) Er:YAG, Cystine; (f) Ho; YAG, Cystine.
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9.5 DISCUSSION

Chan et al. and Teichman et al. reported that the Er:YAG laser could
ablate calculi more efficiently than the Ho:YAG laser, as hypothesized by the
higher absorption peak at 2.94 um which is coincident with the wavelength of the
Er:YAG laser [8,9]. However, the pulse energy level for ablation measurements
in previous studies was limited to prevent damage to the delivery fiber optics
(sapphire fiber) for the 2.94 um wavelength. Er:YAG pulse energies were no
larger than 50 mJ, which was slightly above the threshold for crater production.
The optimal energy setting of the Ho:YAG laser in the clinic is from 0.6 to 1 J
using a low OH silica delivery fiber with a diameter of 272~550 pm [14-18]. In
this study, we have compared the ablation efficiency of free running Ho:YAG and
Er:YAG lasers during the lithotripsy without using a delivery fiber. The
fragmentations at super-threshold pulse energy are compared by setting the pulse
energies near the clinical energy setting of Ho:YAG laser. Thus, this study
provides the first experimental report to compare lithotripsy using both Er:YAG
and Ho:YAG lasers at clinically relevant pulse energies.

The cross-sectional topography of ablation craters in Figures 9.6-9.8
provides a visual demonstration of the difference between Er:YAG and Ho:YAG
ablation in calculi. Craters produced by the Er:YAG laser are narrower and

deeper than craters produced with a Ho:YAG laser at the same pulse energy.
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The depth of craters compared quantitatively in Figure 9.10 confirms that
Er:YAG laser created deeper craters than Ho: YAG regardless of calculus type and
the number of pulses. The superior drilling ability of the free running Er:YAG
laser, which did not inflict significant collateral damage, has been demonstrated in
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 [19,20]. They also compare the shape of bubbles formed during the
irradiation of two laser beams into water [21]. The Er:YAG laser generates an
elongated cigar-shaped bubble while the Ho:YAG laser makes a pear-shaped
bubble. The better drilling capability of the Er:YAG laser is attributed to the high
absorption coefficient of tissue, which absorbed Er:YAG light within a shallow
penetration depth (~10 um). Accordingly, sufficient heat for ablation occurs in
the laser-affected zone (where photons are directly absorbed) and hot ablated
material is ejected before the thermal energy and diffuses to neighboring regions.
For this reason, the Er:YAG laser can drill more efficiently than Ho:YAG laser
during lithotripsy.

As for the quality of laser drilling, Er:YAG pulses produce craters with
fairly nice and smooth contour. In contrast, Ho:YAG pulses create irregular and
rough crater contours. Chippings around the craters also suggest a bulky material
removal during Ho:YAG process. The discrepancy of spatial beam quality of two

lasers is considered to be partially responsible for the difference in crater shapes.
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Overall, the Er:YAG beam has a truncated cone shape. This profile could lead to
the maximum temperature at the center of the beam, resulting in a Gaussian-like
crater. However, randomly located hotspots of Ho:YAG laser beam would induce
the inhomogeneous temperature distribution, producing local centers of
vaporization. This local vaporization and expansion of vapor will lead to the
bulky material removal and the irregular crater shape. The resultant crater will
have an irregular and unpredictable shape dependent on the intrinsic mechanical
property of calculus.

Er:YAG and Ho:YAG ablation yields differences in crater widths as well
(Figure 9.11). The width of five-pulse induced crater of Ho:YAG is larger than
that of single pulse crater (p < 0.05), while there is no statistical difference
between single- and five-pulse craters of Er:YAG. The heat diffusion and the
scattering of incident light could determine the lateral extension of ablation (crater
width) and overall crater shape. Given the thermal diffusivity (a) of most tissues

and dielectric materials is less than 0.5 mm?/s [22] and the pulse duration (z,) of

free running lasers is about 275 us, the heat diffusion length (/, = /a7, ) during

the pulse is at most 12 um. Since the widening of Ho:YAG crater measures a few
hundreds micrometers, the heat conduction minimally contributes to the
augmented width of the crater during the pulse (once the laser pulse stops, no
more ablation take place during a free running laser lithotripsy [7]). An ablation

crater could be wider than the actual laser beam diameter if the scattering of the
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incident light causes photons to be distributed 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.
Accordingly, the Ho:YAG light can be distributed more laterally in target,
resulting in a wider crater than the Er:YAG laser. Future measurement of
absolute absorption and scattering coefficients of calculus will clarify how
significantly light scattering contributes to the lateral distribution of absorbed
photons.

Based on temperature profile, the collateral thermal damage and the vapor
expansion, we propose two additional mechanisms that can explain the widening
of Ho:YAG laser-induced craters. Figure 9.14 compares the temporal evolution
of ablation process and temperature rise along the depth. Because of the high
absorption coefficient, the Er:YAG produces a sharper gradient of temperature
with depth; thus a smaller fraction of the Er:YAG pulse duration is required to
reach the ablation threshold temperature (73;). In the illustration, the surface
temperature of the Er:YAG target is assumed to have reached the threshold value
at the first time step and the ablation process begins. The ablation front of
Er:YAG moves deeper and deeper into the calculus, while the Ho:YAG laser is
still depositing energy into the calculus without any material ablation (time steps
2-4). The surface temperature of the Ho:YAG is assumed to approach the

threshold value at time step 5, and the profile near the surface (ablation front) is
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magnified and shown in Figure 9.14(c). The highlighted zone (ablation zone)
indicates the region where temperature is higher than the ablation threshold, and
material in this region is about to be ablated. Since the penetration depth of the
Er:YAG laser is shallower than Ho:YAG, Er:YAG laser deposits energy into thin
superficial layer (superficial energy accumulation). Consequently, material in the
ablation zone will be ablated without hindrance of the above material. On the
other hand, the Ho:YAG laser penetrates deep, resulting in a gradual and deep
temperature profile (volumetric energy accumulation). As a result of that, the
ejection of materials deeper in the ablation zone will be interrupted by the
material close to the surface and triggering more lateral and axial (downward)
expansion of vapor than the Er:YAG laser process. Accordingly, further ablation
beyond the beam diameter during Ho:YAG laser process can take place by this
lateral expansion of vaporized material. This lateral expansion of vapor can
contribute in part to the irregular contour and the bulky material removal of
Ho:YAG laser crater. Frenz et al. observed that the Ho:YAG pulse (z, = 400 ps)-
induced craters on human meniscus have much larger width than the beam
diameter. They attribute the crater widening to the vapor expansion [19]. Walsh
et al. also suggested that the expansion of the vapor contributes to the tearing of
the soft tissue [23,24]. 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 (z, < 1 ps) lithotripsy [25-28].
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Second mechanism takes into account the collateral damage during the
Ho:YAG laser lithotripsy. Because of the lower absorption, the first Ho:YAG
pulse produces collateral damage zone near the ablation craters that extends
beyond the beam diameter (Figure 9.9). The following pulse induces more
ablation, and the ablated vapor expands with high thermal and mechanical energy.
Since the tissue in the collateral damage region had been weakened by the
previous pulse, the lateral expansion of vapor can lead to additional material
removal in the collateral damage zone. This process is repeated for the
subsequent pulses and the crater width keeps growing. The crater widening can
be minimal during the Er:YAG process due to the insignificant collateral thermal
damage. In contrast to the soft tissue application of laser, the drilling quality of
laser is not a major concern of urologist during the lithotripsy. Since the objective
of lithotripsy is rapid fragmentation of calculus to small particles, the ablation
volume is the most important criterion in determining which laser is a better
lithotriptor. Regardless of the number of pulses and wavelength, the Er:YAG
laser produces more ablation than the Ho:YAG laser, mainly due to deeper
drilling. Comparing the ablation efficiency, Er:YAG was also superior to
Ho:YAG for both single- and five-pulses, which suggests the Er:YAG laser is a
good candidate for the next generation of laser lithotriptor.

The ablation efficiency of Er:YAG decreased with the number of pulses

while that of Ho:YAG does not change. We attribute the reduced efficiency of
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multiple Er:YAG laser pulse to (1) the reduced radiant exposure on deeper
ablation front due to the divergence of beam and (2) debris shielding. As the
beam travels beyond the focal plane of the focusing CaF, lens, its diameter gets
larger due to the divergence of beam. Consequently, the radiant exposure on the
ablation front gets reduced as the crater become deeper and deeper. Since the
multiple Er:YAG pulse produces deep craters, it is expected that the ablation
efficiency drops as a result of decreased radiant exposure. The debris shielding is
another phenomenon that can explain the reduced efficiency of Er:YAG laser
beam [29-31]. Once the debris is generated during the laser-tissue interaction, the
remaining part of the laser pulse will be partially absorbed and scattered by the
debris (termed ‘‘debris shielding’’), reducing the pulse energy that reaches the
target and diminishing the ablation efficiency. The amount of debris shielding is
determined by the absorption coefficient, density, and extension of debris in the
beam path. More debris shielding takes places during the multiple pulse process,
as the crater gets deeper and it makes debris stay in the beam path longer [32]. As
a result of this, the ablation efficiency of Er:YAG during multiple pulses can be
diminished compared to the single-pulse process. Ho:YAG pulse is also
subjected to the debris shielding; however, the amount of shielding is smaller than
that of Er:YAG pulse. That is because (1) the crater is shallower and wider, (2)
less debris in the beam path is produced, and (3) the absorption coefficient of

debris is lower. In addition to these, the onset of Ho:YAG pulse ablation is
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slower than that of Er:YAG pulse due to the lower absorption. As a result of this,
the interaction time between the pulse and debris is shorter for Ho:YAG laser
compared to Er:YAG laser for a given pulse duration. Due to the combination of
the less reduction of radiant exposure, less shielding, and the widening of the
craters, the ablation efficiency of Ho:YAG multiple pulses did not decrease
compared to that of single pulse. During laser lithotripsy, the calculus is
subjected to random movement due to (1) recoil of the calculus after the pulse and
(2) irrigation and body flow [33]. Because of this, the chance of irradiating the
same spot on the calculus is fairly low, and the efficiency drop by Er:YAG laser
by multiple pulses becomes minimal. The ablation volume data indicate that the
Er:YAG laser is a better fragmentation tool than the Ho:YAG laser for a given
pulse energy.

The statistical analysis indicates that there is no significant difference in
ablation rate among calculus types tested in this research. Since the ablation of
free running laser lithotripsy is initiated by the photo-thermal effect [7,34], we can
postulate that the absorption coefficient and decomposition temperature are the
most important parameters for ablation efficiency. Future measurement of
absolute absorption coefficient and decomposition temperature of calculi will
clarify the ablation dependence on calculus type.

Despite the inherent superiority of Er:YAG energy to fragment stones

compared to Ho:YAG energy, the endoscopic application of Er:YAG laser is still
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limited due to the lack of a practical mid-Infrared (IR) delivery system. There are
a few of mid-IR transmitting optical fibers, including chalcogenide, germanium
oxide, sapphire, zirconium fluoride, and hollow waveguides [35-39]. To be
employed as an endoscopic delivery system, the fiber needs to be biocompatible,
flexible, and robust to tolerate the strong laser-tissue interaction at the fiber tip.
None of above-mentioned fibers can meet all requirements for endoscopic
application. Hybrid fibers have been proposed, in order to overcome the
limitations associated with bare fibers. Chaney et al. employed a hybrid
germanium-silica fiber to protect the germanium fiber tip from a damage induced
by the strong pulse stone interaction [40,41]. With the hybrid fiber, they were
able to deliver one order of magnitude higher pulse energy than the bare
germanium oxide fiber. A similar approach is being pursued using a hollow wave
guide with a sealing cap [11,42]. The biocompatibility and bending loss issues
should be resolved for a clinical use. Although these hybrid techniques still do
not deliver the pulse energy high enough for efficient lithotripsy, further

improvement is expected from an advanced assembly and protective cap.

9.6 CONCLUSION
Ablation efficiencies in terms of the crater width, depth and ablation
volume were compared for Er:YAG and Ho:YAG laser lithotripsy. Pulse

energies as high as the clinical setting of Ho:YAG lithotripsy has been used to test
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the feasibility of Er:YAG lithotripsy. Three different types of calculus (COM,
Uric Acid, and Cystine) were tested in order to determine the variation between
target calculi. Regardless of the calculus type, the Er:YAG laser produced deeper
craters than Ho:YAG over the whole energy range tested. Due to deeper drilling,
Er:YAG pulse produced up to five times more ablation volume than the Ho:YAG
pulse. Er:YAG laser yielded nice and regular crater contours, however, Ho:YAG
induced irregular and rough craters. The deeper crater of the Er:YAG laser
attributes to its superior drilling ability. The hotspots on beam, volumetric energy
deposition, and the collateral thermal damage is considered to create the contour
irregularities and crater widening of Ho:YAG laser pulse process. Superior
drilling makes the Er:YAG laser a better lithotriptor, as it fragments the calculus
more efficiently than the currently used Ho:YAG. It suggests that advancements
in optical fiber delivery systems should make the Er:YAG laser available for

clinical urological lithotripsy.
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Chapter 10: Dependence of Calculus Retropulsion on Pulse
Duration During Ho:YAG Laser Lithotripsy

10.1 ABSTRACT

The purpose of this study was to investigate the effect of optical pulse
duration on stone retropulsion during Ho:YAG (4 = 2.12 pum) laser lithotripsy. A
clinical Ho:YAG laser with two selectable pulse durations was employed to
fragment calculus phantoms and to evaluate stone phantom retropulsion. At a
given pulse energy, optical pulse durations were divided into two discrete
conditions: short pulse (z,: 120 ~ 190 usec at FWHM) and long pulse (z,: 210 ~
350 psec at FWHM). Plaster of Paris calculus phantoms were ablated at different
energy levels using optical fibers of varying diameters (273, 365, and 550 um in
core size). The dynamics of the recoil action of a calculus phantom was
monitored using a high-speed camera; the laser-induced craters were evaluated
with Optical Coherent Tomography (OCT). Bubble formation and collapse were
recorded with a fast flash photography setup, and acoustic transients were
measured with a hydrophone. Shorter pulse durations produced more stone

retropulsion than longer pulses at any given pulse energy. Regardless of pulse
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duration, higher pulse energy and larger fibers resulted in larger ablation volume
and retropulsion (p < 0.05). For shorter pulse durations, more rapid bubble
expansion was observed and higher amplitudes of the collapse pressure wave
were measured (p < 0.05). Less retropulsion and equivalent fragmentation

occurred when Ho:YAG pulse duration increased.

10.2 INTRODUCTION

Intracorporeal laser lithotripsy for fragmentation of urinary calculi began
in the mid 1980s [1-6]. The clinically available laser lithotrites are the pulsed-dye
laser, the frequency-doubled double pulsed Nd:YAG laser (FREDDY), and the
Ho:YAG laser [7-9]. The long-pulse Ho:YAG laser is the most efficient and
versatile tool for lithotripsy. The Ho:YAG laser fragments all stone compositions
and produces less stone migration (retropulsion) during treatment than the short
pulsed lasers [10-14]. The dominant mechanism in Ho:YAG laser lithotripsy is
photothermal along with minor effects of acoustic emission [15]. Direct light
absorption of the urinary calculi increases the temperature of the irradiated
volume above the ablation threshold, consequently causing the ejection of
fragmented breakdown products. In addition, absorption of laser energy by water
between stone and fiber tip induces vapor bubble formation and collapse with
shock wave generation. During laser-calculus interaction, the urinary calculus is

subject to retropulsion forces induced by the combined effects of ablated particle
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ejection, interstitial water vaporization, and bubble expansion/collapse [16-18].
Thus, due to the recoil momentum, the calculus is displaced away from the light
delivery fiber. Retropulsive stone movement prolongs operative time owing to
the cumbersome process required to reorient the endoscopic fiber toward the new
calculus position.

Previous retropulsion studies quantified calculus retropulsion distance by
varying optical pulse energy, pulse repetition rate, and fiber diameter [19-21].
Retropulsion increased with applied pulse energy and optical fiber diameter.
Further, a recent study reported that a longer pulse width reduced calculus
retropulsion distance during a procedure without diminishing ablation efficiency
significantly [22]. This study was performed at a single pulse energy setting, and
the discrete pulse widths (350 and 700 psec) described in the study were electrical
pulse widths, without characterization of the optical pulse widths.

Since calculus retropulsion can change with optical pulse width and pulse
energy, the measurements of optical pulse duration at various energy levels are
relevant [21,22]. In this study, we investigate how the optical pulse duration
characterizes calculus fragmentation and migration in a water environment with a
variable pulse Ho:YAG laser. Stone movements and ablation efficiency are
compared with a single pulse as a function of pulse energy and optical fiber
diameter. Bubble formation/collapse and accompanying acoustic pressure wave

generation are described in terms of stone migration. By measuring retropulsion
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distance, ablation volume, and laser-induced pressure, the role of optical pulse

duration during Ho:YAG laser lithotripsy was examined.

10.3 MATERIALS AND METHODS

Calculus phantoms were prepared for retropulsion study. The phantoms
were made from plaster of Paris (calcium phosphate) with a mass of 150 mg and a
volume of 125 mm® (5x5x5 mm). The tensile strength of plaster of Paris (2.0
MPa) approximates that of human calcium and struvite calculi (0.1 to 3.4 MPa)
[14]. A transparent rectangular tube (7x10 mm® in size) was utilized as an in
vitro model of a human ureter, and both ends of the tube were sealed with
polymer clay. During retropulsion tests, the calculus phantom was placed in the
tube, which was filled with a saline solution prior to laser lithotripsy. In order to
minimize the effect of ablation debris on stone movement, the bottom of the tube
was cleaned after each test and the saline solution was replaced after every five
measurements. Potential experimental error due to friction and drag force was
thought to be insignificant since the identical experimental conditions were
employed for the two pulse durations.

A variable pulse Ho:YAG laser (4 = 2.12 um, Odyssey 30, Convergent
Laser Technologies, CA) was used. The applied pulse energy ranged from 0.4 to
1.2 J in increments of 0.2 J. The laser system produced two optical pulse

conditions due to different electrical pulse durations. Figure 10.1(a) shows the
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temporal profiles of two optical pulses measured by a photodetector at the energy
of 800 mJ. Pulse duration was dependent on laser pulse energy, and at each
energy level, two optical pulses existed, which were designated as short pulse (z,:
120 ~ 190 psec at FWHM) and long pulse (7,: 210 ~ 350 psec at FWHM) for the
sake of comparison (Figure 10.1(b)).

Stone retropulsion experiments were conducted using a single pulse.
Three different diameters of OH" fibers (273, 365, and 550 um,) were tested to
evaluate the effect of fiber diameter on stone recoil. Each test at every energy
level was performed with five measurements. A schematic illustration for this
study is presented in Figure 10.2(a). Prior to laser irradiation, an optical fiber was
placed in contact with a target sample through the sealing clay, and the irradiation
spot was adjusted with a three-axis translation stage to be centered on the sample.
The output energy of the fiber was measured with an energy meter (EPM 2000,
Molectron, OR) along with a pyroelectric joulemeter (J50, Molectron, OR) after
every five measurements. In order to avoid possible artifacts due to fiber tip
damage during lithotripsy, the output energy of the fiber was measured after each
test. The fiber was repolished if the measured energy was reduced by more than
15 % of the initial output energy.

By means of a delay generator (DGD 535, Stanford Research Systems,
CA), a high-speed camera (FASTCAM Super 3K, Photron, CA) was

synchronized with the laser system to image the entire retropulsion process and to
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measure the net stone migration distance. In this in vitro study, only the axial
displacement of the sample was measured since the lateral movement of in vivo
calculus during laser lithotripsy is significantly restricted by the wall of the ureter
in the clinic [21]. The experiment examines the relative retropulsion for two
different laser pulse durations. We believe that in vifro distances will be
representative of stone retropulsion in the softer (more friction) ureter. An
illumination light source was applied to the sample in the tube, and the high-speed
camera captured the movement of the sample at 1000 frames per second after the
onset of laser irradiation. All the acquired images were transferred to the recorder.
For the cavitation study, the process of bubble formation/collapse, dependent on
optical pulse duration, was monitored using Schlieren flash photography. The
Ho:YAG laser was triggered at time 7y, and a Xenon flashlamp (5 ps typical
exposure time, MVS-2601, EG&G, MA) illuminated the fiber tip in water during
laser irradiation to image the cavitation process at the instant time fy+4f. A
sequence of delay times (4¢) controlled by the pulse generator provided images of
complete cavitation events. All the images at the various times were captured by
a high-speed camera, providing concurrent information on the dynamics of
cavitation bubbles. Imaging was performed using the transmittance
(shadowgraph) mode. Figure 10.2(b) displays the setup for the fast flash

photography experiment.
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The laser-induced pressure transients during bubble formation/collapse
were measured using a PVDF needle hydrophone (45 ns rise time, HNS
hydrophone, Onda Corporation, CA). Pressure measurements were conducted for
two different configurations: (1) laser irradiation in clear water and (2) ablation of
calculus phantom in contact mode. The hydrophone was placed a few millimeters
away from the center of bubble or calculus surface to avoid possible damage due
to shock wave generation or ejected fragments (Figure 10.2(b)). Five pressure
measurements were preformed for each configuration described above.

Ablation craters were produced with a single pulse of various settings.
Laser-induced craters were examined using an Optical Coherence Tomography
(OCT) system (4, = 1290 nm, 44 = 42 nm, and P = 2.2 mW) with lateral and axial
resolution of ~ 20 um to obtain quantitative ablation dimensions [23,24]. A series
of vertical cross-sectional images (direction parallel to laser beam propagation)
were obtained over the entire crater. The step-size between images was 33 pm.
Ablation volume was estimated from the OCT cross sections for each pulse
duration regime.

We analyzed ablation crater volumes and retropulsion distances as a
function of pulse energy and fiber diameters. Since the clinical objective of laser
lithotripsy is to produce maximal fragmentation with minimal retropulsion, we

normalized retropulsion for ablation crater volumes. Results were compared
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using paired #-tests and one-way analysis of variance (ANOVA). A p-value <

0.05 was considered statistically significant.
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10.4 RESULTS
10.4.1 RETROPULSION DISTANCE MEASUREMENTS

For short and long pulse durations, retropulsion increased as pulse energy
and fiber diameter increased (Figure 10.3). Compared to the longer pulse, the
shorter pulse durations induced 30 % to 50 % more stone retropulsion movement
for a single pulse energy (p < 0.05). With a single pulse using a 550 um fiber, the
shorter pulse moved the stone phantom up to 16 mm where as the long pulse

induced approximately 12 mm of stone retropulsion.

10.4.2 ABLATION VOLUME MEASUREMENTS

Regardless of pulse duration and fiber diameter, ablation volume increased
with pulse energy (Figure 10.4). For the shorter pulse, the measured volumes for
all fiber diameters were comparable (p > 0.05) at each pulse energy. However,
for the longer pulse duration, the differences among ablation volumes of all the
fibers were statistically significant (p < 0.05); the volumes increased with the
diameter of the fiber by up to approximately 15 % at each energy level.
Additionally, for any selected pulse energy, the ablation volume produced with

the shorter pulse durations was larger than that with the longer pulse.
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10.4.3 COMPARISON OF NORMALIZED STONE RETROPULSION
Normalized retropulsion increased with fiber diameter for both pulse
durations (Figure 10.5). Retropulsion was comparable at all energy levels
regardless of pulse duration and fiber diameter. For all the fibers, the shorter
pulse induced approximately 30 % more retropulsion per unit volume than the

longer pulse did (Figure 10.5).

10.4.4 FAST-FLASH PHOTOGRAPHY OF LASER-INDUCED BUBBLE
FORMATION

Fast flash images of the dynamics of bubble formation and collapse were
acquired with the Ho:YAG laser set at the pulse energy of 800 mJ using a 365 um
fiber. Figure 10.6 presents a compilation of the bubble expansion and collapse
sequence in water at room temperature for short (z, ~ 150 psec at FWHM) and
long pulse (z, ~ 280 psec at FWHM) durations. In general, the shorter pulse-
induced bubble was pear-shaped whereas the longer pulse initially produced a
pear-shaped bubble, which later appeared as an elongated cylindrical shape due to
continuous expansion of parts of the bubble, farther away from the fiber tip. In
addition, a real collapse phase and re-expansion of the bubble were observed for
the shorter pulse; on the other hand, the longer pulse did not collapse forcefully
and re-expansion was not observed. From the time-resolved photographs, it was
noted that the shorter pulse durations induced more rapid bubble expansion,

which was initiated at the time of 30 psec after the onset of laser pulse. A faster
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bubble collapse was also observed for the shorter pulse. However, the longer
pulse initiated the bubble formation at 80 psec and showed slower bubble

collapse.

10.4.5 ACOUSTIC TRANSIENTS: ABLATION IN WATER

Figure 10.7 shows a temporal profile of the Ho:YAG laser pulses (short
pulse of ~ 150 psec and long pulse of ~ 280 usec at FWHM) at 800 mJ using a
365 pum fiber and the corresponding pressure transients during bubble expansion
and collapse. The pressure transients were measured by a hydrophone in water
and corrected to 2 mm away from the center of the bubble. Multiple collapse
waves were observed for both pulse durations; a pressure bump with insignificant
pressure amplitude was detected after the laser onset as well. However, the
shorter pulse caused faster bubble collapse, which was initiated at 450 psec,
compared to the longer pulse. In addition, the amplitude of the first collapse
pressure wave of the short pulse was approximately 63 bars, which was about two

times greater than that of the long pulse, compared to the collapse pressure of

about 33 bars (p < 0.05).
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Figure 10.5. Retropulsion distance normalized with ablation volume as a function
of pulse energy for various fibers with a diameter of (a) 273 pum, (b) 365 um, and
(c) 550 um (n =5).
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Figure 10.6. Compilation of bubble expansion and collapse in water at room
temperature for two laser pulse durations: (a) short pulse (7, ~ 150 psec at
FWHM) and (b) long pulse (7, ~ 280 psec at FWHM). Note that the fiber
diameter was 365 um and the pulse energy was 800 mJ. Time elapsed after the
onset of the laser pulse is shown above each image.
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Figure 10.7. Temporal profile of the Ho:YAG laser pulses (top) and the measured
pressure for each figure: (a) short pulse (7, ~ 150 psec at FWHM) and (b) long
pulse (z, ~ 280 usec at FWHM). Note that the fiber diameter was 365 pm and the
pulse energy was 800 mJ. A small pressure bump characteristic of both pulses
was detected after laser onset. Bubble collapse occurred at 450 psec and 510
usec respectively producing a pressure peak > 20 bars. Rebound and recollapse
were also detected approximately 100 us after the first bubble collapse.
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10.4.6 COMPARISON OF BUBBLE COLLAPSE

Since the peak amplitudes of the pressure waves were generated only
during bubble collapse, the effect of cavitation collapse on stone retropulsion was
investigated. In this experiment, the delivery fiber was suspended in water, and
the calculus phantom was located at a distance of ~3.5 mm away from the fiber
tip. A vapor bubble was produced that did not reach the calculus during the
period of either pulse duration. No calculus fragmentation was observed at any
time. Figure 10.8 shows the images of stone migration induced by bubble
collapse, which were captured by a high-speed camera. The pulse energy was set
at 800 mJ with a single pulse. The images showed that after laser irradiation, the
bubble collapse induced by the short pulse caused the calculus phantom to move
approximately 1.5 mm away from the original location whereas no calculus
movement was observed in case of the long pulse even with the presence of

bubble formation.

10.4.7 ACOUSTIC TRANSIENTS: ABLATION IN CONTACT MODE

The amplitudes of the bubble collapse pressures for short and long pulse
durations were compared during laser lithotripsy (Figure 10.9). The delivery fiber
was placed in contact with a calculus sample, and calculus fragmentation was
produced with a single pulse at the energy of 800 mJ. A hydrophone was placed

I mm away from the calculus surface to measure acoustic transients during
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cavitation collapse.  According to Figure 10.9, the short pulse yielded
approximately three times greater amplitude of collapse pressure than the long
pulse (p < 0.05). The amplitudes of collapse pressure for both pulse durations
were correlated with retropulsion movement shown in Figure 10.8; the shorter

pulse with higher collapse pressure caused more stone displacement.
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Figure 10.8. Images of calculus retropulsion with noncontact laser lithotripsy at
800 mJ with a single pulse using different pulses: (a) short pulse (z, ~ 150 usec at
FWHM) and (b) long pulse (z, ~ 280 psec at FWHM). The fiber diameter was
365 um. Stone movement of approximately 1.5 mm was observed in case of the
short pulse while no movement was seen for the long pulse.
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Figure 10.9. Comparison of the amplitudes of collapse pressure produced during
lithotripsy with two different pulse durations: short pulse (z, ~ 150 psec at
FWHM) and (b) long pulse (z, ~ 280 usec at FWHM) (n =5).
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10.5 DISCUSSION

A variable long-pulse Ho:YAG laser was used to evaluate the effects of
optical pulse duration on calculus fragmentation and retropulsion as a function of
pulse energy and fiber diameter with a single pulse. Shorter pulse durations
yielded stone displacement up to 1.5 times further and ablation volumes about 1.2
times larger, compared to longer pulses (Figures 10.3 and 10.4). Regardless of
pulse duration, an increase in fragmentation and retropulsion was observed with
higher pulse energy and larger fiber diameter. When calculus retropulsion was
normalized by ablation volume, shown in Figure 10.5, the shorter pulse caused
about 30 % more migration than the longer pulse. The shorter pulse produced
relatively rapid bubble formation with higher collapse pressure (Figures 10.6 and
10.7) than the longer pulse at the same pulse energy. In addition, based on images
captured by a high-speed camera and on pressure measurements, it was observed
that bubble collapse was associated with calculus retropulsion; the shorter pulse
yielded higher collapse pressure, which was attributed to greater stone migration
than the longer pulse (Figures 10.8 and 10.9).

Ho:YAG laser lithotripsy is dominated by thermal breakdown of calculus
composition along with direct light absorption and minimal pressure waves [15].
Laser lithotripsy starts when the laser light is transmitted to the calculus through
the channel of a vapor bubble, a phenomenon called the “Moses effect” [25,26].

A layer of water 400 um in depth [27] was rapidly evaporated upon absorption of
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the Ho:YAG laser beam, creating a vapor bubble with negligible pressure
generation.  Photothermal mechanisms of the long-pulsed Ho:YAG have
significant clinical implications. The photothermal mechanism implies little risk
of collateral damage in an aqueous environment, ejection fragments are small
enough to pass painlessly in the urinary tract, all compositions are effectively
fragmented, and less retropulsion is produced compared to other lithotripsy
modalities [6,15,19-21,27,28].

During laser lithotripsy, human calculus is subject to retropulsion, which
necessitates repositioning the fiber tip, prolonging the operation time.
Retropulsion is caused by ablation plume ejection due to conservation of
momentum [16-19]. Several parameters such as radiant exposure, fiber diameters,
direction of plume propagation, and ablation volume determine the recoil
momentum of the calculus. Calculus retropulsion increases with pulse energy and
fiber diameter and the shape of the crater contributes to augmentation of recoil
momentum [20,21]. Reduction in calculus retropulsion was observed for the
longer pulse duration while minimally compromising ablation efficiency [22].
Another mechanism associated with bubble dynamics is a high-speed liquid jet
induced by asymmetric bubble collapse described as a Kelvin impulse [29]. This
is accompanied with a pressure-impulse propagating to the sample boundary,
eventually causing the rebound or even rocking motion of the calculus as a part of

momentum transfer [21,30]. Analytical models have been developed to interpret
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the recoil momentum induced by laser ablation [31]. The “steady-state
vaporization” model, appropriate for a long-pulse laser, describes a continuous
ablation process by means of the moving ablation front. Estimated recoil stress is
based on gas-dynamic equations, for instance, the continuity equation, the Navier-

Stokes equation, and the conservation of energy [32].

Pulse Duration

Our reduced calculus migration for the longer pulse durations confirms the
results in a previous study showing a reduction in calculus retropulsion for the
longer pulse durations while minimally compromising ablation efficiency [22] .
Considering the difference in pulse durations at the same pulse energy, less stone
movement for longer pulses can be attributed to the occurrence of recoil pressure
due to momentum conservation during ablated plume ejection. The absorption of
the incident light energy generates heat in the target. Accordingly, the
temperature rise at the surface leads to the phase change of the target, resulting in
material removal through melting, vaporization, and/or chemical decomposition.
Once the ablation process is initiated, the ablated plume is generated as a result of
expansion of vapor at the superficial layer. The vapor plume is associated with a
strong forward propagation due to the strong temperature and pressure gradients
in the axial direction. The species leaving the surface during expansion of gas

produces a recoil pressure onto the target [33]. Based on conservation of
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momentum, the recoil pressure initially induced by evaporation of the plume from

the surface is

ko T 0. p (10.1)

prec = 179pv
m

where p,.. is the recoil pressure (bar), p is the density (kg/m®), v is the velocity of
ablation front (m/s), kz is the Boltzmann constant (= 1.381x 10 Ws/K), T, is the
surface temperature (K), m is the mass of plume (kg), and P is the radiant power
(actual energy per pulse duration, W). Since the recoil pressure is proportional to
the radiant power, the shorter pulse durations with higher power induce larger
recoil pressures, which contribute to more calculus fragmentation and migration
(Figures 10.3 and 10.4).

Assuming that an equivalent amount of material is removed for short and
long pulse durations at the same energy level, the material ejection process with
the shorter pulse should be faster, compared to the longer pulse. According to
previous studies, the total recoil pressure (py,) can be expressed as the summation
of the pressure of expanding vapor (p,..) and momentum rate induced by plume
flow per unit as follows [21,32]:

m-Av
A- At

ptotal = prec + (102)
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where 4 is the ablation area (m?) and ¢ is the time (sec). Given the condition that
both pulse durations yield a comparable amount of ablated mass with the
equivalent vapor pressure, area and time, the shorter pulse must remove material
at a faster rate. The process requires a faster velocity of the ablation front
associated with higher recoil pressure and momentum, compared to the case of
the longer pulse. Accordingly, the rapid fragmentation caused by the shorter
pulse duration may be partially responsible for more calculus retropulsion per unit

volume, as shown in Figure 10.5.

Fiber Diameter

Figure 10.3 shows that the calculus migration increased with the fiber
diameter: a 550 um fiber produced the maximum displacement regardless of pulse
duration. Crater geometry is hypothesized to be a major contributing factor to
increased recoil momentum when using larger fibers [21]. Figure 10.10 shows
the cross-sectional OCT images of laser-induced craters produced with different
fiber diameters for two pulse durations at 400 mJ. Both short and long pulses
demonstrate a similar dependence of crater shape on fiber diameter. At a given
pulse energy, laser irradiation with a larger fiber (550 pm) produces wider and
shallower craters whereas a smaller fiber (273 um) yields relatively narrower and
deeper craters in agreement with the previous study [21]. Since the ablation

plume experiences a strong forward propagation perpendicular to the target
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surface [33], the augmented retropulsion associated with the larger fiber is
explained by plume particle directions in relation to crater geometry. For the sake
of simplicity, propagation velocity and the mass of all particles are assumed to be
the same for two different crater shapes as mentioned above. The symmetrical
geometry of both craters is also assumed for comparison. During material
ejection, the retropulsive force generated by each particle will be normal to the
calculus/crater surface and can be resolved into two vector components: one is
parallel and the other is perpendicular to recoil direction. Since the perpendicular
component (perpendicular with respect to the recoil direction) can be canceled out
due to the opposite sign in a symmetrical geometry, the parallel component
(parallel with respect to the recoil direction) should correspond to the recoil
momentum. Based on a summation of the parallel force vectors and momentum
conservation, the larger fiber yields a higher recoil momentum associated with
larger parallel components due to wide and shallow geometry of laser-induced
craters. Therefore, the shape of the ablated crater can account for the effect of
fiber diameter on calculus retropulsion. A detailed description of the retropulsion

mechanism dependent on crater geometry can be found in [20,21].
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Figure 10.10. Cross-sectional topography of laser-induced craters produced with
short pulse (z, ~ 120 psec at FWHM) using (a) 273 um and (b) and 550 pm fibers
and long pulse (7, ~ 210 pusec at FWHM ) using (¢) 273 um and (d) and 550 pm
fibers. Note that the applied pulse energy was 400 mJ.
Bubble Dynamics

In Figure 10.6, the short pulse duration produces relatively rapid bubble
formation and collapse in water, compared to the long pulse. Multiple pressure
peaks with higher collapse pressures occur for the shorter pulse duration in a
water environment (Figure 10.7). For a pulse duration of longer than 100 psec,
bubble onset time increases with pulse duration due to the smaller rate of energy
deposition in water; the bubble shape also becomes elongated (Figure 10.6) as the
pulse duration increases [34]. The amplitude of the bubble collapse pressure
wave is strongly dependent on the pulse duration [34]. During Ho:YAG laser
lithotripsy, water absorption leads to bubble formation/expansion. Accordingly,

since the shorter pulse duration generates a faster rate of bubble growth associated

with higher collapse pressure (Figures 10.6 and 10.7), more calculus retropulsion
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with the shorter pulse in a water environment can be explained by the pulse-
duration dependent dynamics of bubble collapse. Previous studies have
demonstrated that a high-speed liquid jet formation takes place when a bubble
exists near a solid boundary [33,35]. Due to retarded flow near the boundary,
asymmetrical bubble collapse is induced, followed by jet formation directed
toward the solid the boundary with a pressure impulse on the target. The
generated impulse changes the momentum of the target and even leads to physical
damage on the target surface [30,36]. In our experiments, the shorter pulse
induces a phantom movement of about 1.5 mm without fragmentation whereas the
longer pulse shows no stone migration (Figure 10.8). The shorter pulse yields a
higher amplitude of the collapse pressure, compared to the longer pulse (Figure
10.9). Consequently, in addition to higher radiant power and faster plume
ejection mentioned previously, the bubble-driven jet formation associated with
high collapse pressure accounts for more rebound of calculus during the shorter

pulse duration.

Implications

A shorter pulse duration yields more calculus retropulsion owing to higher
radiant power, faster plume ejection, and stronger bubble collapse pressure. The
effect of shorter pulse duration is responsible for approximately 30 % more stone

retropulsion per unit volume (Figure 10.5). Therefore, at a given fiber diameter,
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Ho:YAG laser lithotripsy with longer pulse durations will reduce the problem of
stone migration during treatment.

Regardless of pulse duration, larger fiber diameters induce more calculus
movement because of the larger force vectors parallel to the recoil direction due
to crater geometry. As seen in Figure 10.5(a) and (c), doubling the fiber diameter
causes three times more retropulsion per volume for both pulse durations.
Compared to pulse duration, a reduction in fiber diameter decreases calculus
retropulsion more significantly. Hence, as long as the fiber characteristics
(diameter, bending curvature, and damage threshold) and ablation efficiency are
clinically acceptable, the application of a smaller fiber should be the first choice
to minimize stone migration during lithotripsy. By increasing the pulse duration
associated with slow plume ejection and weak bubble collapse, the calculus
retropulsion and operation time can be further reduced.

The exact role of bubble dynamics and a liquid jet has not been
determined. Undoubtedly the separation distance between the delivery fiber tip
and calculus is important. In order to clarify how cavitation collapse contributes
to the stone migration, high-speed imaging for both short and long pulse durations

will be performed in a future study.
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10.6 CONCLUSION

The effect of Ho:YAG pulse duration on calculus fragmentation and
retropulsion was investigated as a function of pulse energy and fiber diameter.
Retropulsion displacement normalized by ablation volume showed that shorter
pulse durations yielded more calculus retropulsion possibly due to higher recoil
pressure along with faster plume ejection. We believe that larger fibers caused
more stone migration regardless of pulse duration because of crater geometry.
Our study of bubble dynamics demonstrated that the shorter pulse duration was
associated with faster bubble expansion and collapse, and a higher collapse
pressure was measured during the shorter pulse duration. The bubble-driven jet
formation due to bubble collapse was postulated as one of feasible explanations
for augmented calculus movement. It is concluded that the combination of longer
laser pulse duration and smaller diameter delivery fibers will minimize calculus

retropulsion during Ho:YAG laser lithotripsy.
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Chapter 11: Conclusions and Future Studies

11.1 OBJECTIVES

The main purpose of this research was to understand dominant
mechanisms involved in IR pulsed laser ablation of biological hard tissue and to
achieve efficient material removal with application of a liquid environment. To
enhance tissue ablation efficiency as well as to minimize collateral tissue damage,
optimal laser parameters (wavelength and pulse duration) with various liquid
confinements (liquid layer and water spray) were determined for particular tissue
(for example, bone, enamel, and human calculus) properties and clinical situations

such as laser osteotomy and laser lithotripsy.

112 EFFECT OF LIQUID CONFINEMENT ON ABLATION
EFFICIENCY

Enhancement of laser ablation performance assisted by a water layer or
water spray was investigated on metals (in Chapters 3 and 4) and biological hard
tissues (in Chapters 5-8). As the experimental study in Chapters 3 and 4 indicated,

ablation efficiency increased with aid of liquid confinement. It was concluded
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that the application of a liquid layer improves optical and acoustical coupling at
the surface, resulting in stronger pressure emission via rapid water vaporization
and liquid-jet formation. In addition, material properties such as melting point
and hardness were significant factors in the degree of material removal during
liquid-assisted laser ablation. This finding allows further application of high
performance cutting in laser micromachining. However, the physical origin and
role of plasma formation during wet metal ablation remains unclear.

As illustrated in Chapters 5, 6, and 7, the study of liquid-assisted laser
tissue ablation demonstrated a clinical feasibility in laser osteotomy. It was
experimentally shown that explosive vaporization and/or plasma confinement
during tissue ablation are responsible for augmented acoustic transients and
improved ablation performance. Until this dissertation research, the influence of
liquid layer thickness on ablation efficiency was not known. However, by
evaluating not only different liquid thicknesses but also various pulse durations, a
thinner liquid layer enhances ablation efficiency for both short and long pulse
durations. Due to physical limitation of liquid deposition on tissue surface such
as surface tension, the application of a thinner layer less than 500 pm remains for
future investigations.

One clinical application of liquid was evaluated during laser dental
ablation (Chapter 8). It was proposed that diverse mechanisms, for example,

rapid vaporization, interstitial water explosion, liquid expulsion with shear stress,
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and possibly liquid-jet formation, contribute to improvement of dental ablation
when a liquid spray is used in conjunction with the laser pulse. Through this
research, spray application during laser dental ablation showed clinical benefits
such as additional abrasive effect and water cooling. However, since the cutting
efficiency of spray-assisted laser was as much as 50 % lower than a conventional
mechanical drill, the optimization of laser and spray parameters still needs more

investigations.

11.3 CLINICAL IMPLICATIONS OF LASER LITHOTRIPSY

In order to improve clinical efficiency of pulsed laser lithotripsy, the
influence of wavelength and pulse duration on calculus fragmentation was
investigated in Chapters 9 and 10, respectively. This dissertation research
concluded that the Er:YAG laser (A = 2.94 pum) lithotripsy can provide higher
efficiency for various types of calculus (COM, Cystine, MAPH, and UA) with
less thermal damage, compared to Ho:YAG laser (A = 2.12 pum) that is a
conventional lithotrite (Chapter 9). However, a major concern is still the lack of a
practical infrared fiber to deliver Er:Y AG laser endoscopically.

Another experimental study (Chapter 10) demonstrated a feasible means
to reduce the operative time and cumbersome process by retropulsive kidney
stone movement during clinical Ho:YAG laser lithotripsy: a smaller fiber

diameter with a longer pulse duration is highly desirable due to reduction in stone
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migration during treatment. Further investigations on the effect of the separation
distance between the delivery fiber and calculus are necessary for more efficient

laser lithotripsy.

114 FUTURE DIRECTIONS
11.4.1 ROLE OF INDIVIDUAL PULSE IN MACROPULSE ABLATION

As one of future studies, the role of each micropulse in macropulse tissue
ablation can be investigated. A macropulse consists of a train of micropulses with
1 ps pulse duration. The OPA ps pulse system at the Stanford FEL Center
provides a unique system to evaluate the importance of pulse separation and
superposition during the macropulse ablation process. Varying the optical path
length, the time delay between consecutive micropulses can be used to examine
the effect of individual pulse. The dynamics of macropulse ablation will be

determined in terms of ablation threshold, number of pulse, and radiant exposure.

11.4.2 MID-INFRARED PULSED LASER ABLATION

Due to the wide differences in the absorption modes of biological tissues,
it may not be optimal to ablate tissue using wavelengths associated with water
absorption bands. Of particular interests are the Amide I and Amide II vibrational
modes at 6.1 um and 6.45 pm [1]. In addition, pulsed laser interaction with a

liquid-layer deposited on the surface has been of interest due to improvement of
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ablation efficiency with decreased ablation threshold. Using an IR transparent
liquid layer such as perfluorocarbon to lower the macropulse energy for ablation
will extend medical application of FEL systems without the expense associated
with increasing macropulse energy. Mid-infrared laser ablation will be
characterized by means of various wavelengths as well as application of an IR

transparent liquid layer.

11.4.3 EVALUATION OF HOLLOW WAVEGUIDE FOR ER:YAG LASER
LITHOTRIPSY

Due to several advantages such as low insertion and transmission loss and
high flexibility, a hollow waveguide has been proposed as an alternative infrared
light delivery system for Er:YAG laser [2,3]. The major drawback is water
intrusion into the hollow waveguide during endoscopic applications. Meanwhile,
several studies have shown the feasibility of in vitro Er:YAG laser lithotripsy with
an end-sealed hollow waveguide for calculus fragmentation [4-7]; however, the
deterioration of the sealing caps is still problematic. Further investigations on
endoscopic applications of the hollow waveguide are still required to achieve

efficient delivery of Er:YAG laser light for clinical treatments.
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APPENDIX A: Calculus Fragmentation in Laser Lithotripsy

Al ABSTRACT

The intracorporeal treatment of urinary calculi with lasers is presented,
which describes laser-calculus interactions associated with lithotripsy. Reliable
fragmentation of calculi with diverse compositions and minimal collateral tissue
damage are primarily contingent upon laser parameters (wavelength, pulse
duration, and pulse energy) and physical properties of calculi (optical, mechanical,
and chemical). The pulse duration governs the dominant mechanism in calculi
fragmentation, which is either photothermal or photoacoustical/photomechanical.
Lasers with long pulse durations (i.e. > tens of microseconds) induce a
temperature rise in the laser-affected zone with minimal acoustic waves; material
is removed by means of vaporization, melting, mechanical stress, and/or chemical
decomposition. Short-pulsed laser ablation (i.e. < 10 us), on the other hand,
produces shock waves, and the resultant mechanical energy fragments calculi.

Work continues throughout the world to evaluate the feasibility of advanced
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lasers in lithotripsy and to optimize laser parameters and light delivery systems

pertinent to efficient fragmentation of calculi.

A2 INTRODUCTION

Laser lithotripsy for fragmentation of urinary and biliary calculi began in
the mid 1980s [1-6]. The first successful clinical application was achieved with a
flashlamp pumped pulsed-dye laser beam delivered through an optical quartz fiber
[7-20]. The 1 ps pulsed-dye laser with a wavelength of 504 nm initiated a plasma
expansion between the tip of the fiber and the calculus which generated a
cavitation bubble. The collapse of the bubble created shock waves [21-24], which
were the principal mechanism of fragmentation. The process is called laser-
induced shockwave lithotripsy (LISL) [25] .

In contrast to LISL, a new treatment modality for lithotripsy was
introduced in the mid 1990s with the long-pulsed Ho:YAG laser (A = 2.12 um, 1,
= 250 ps) [26,27]. The fragmentation mechanism of urinary calculi was
dominated by a photothermal process with concomitant mechanical stress and
chemical decomposition of the irradiated calculus components [28,29].
Fragmentation with the holmium laser irradiation was accompanied with minimal
photoacoustical effects [30,31].

Multiple clinical papers demonstrate that the long-pulsed Ho:YAG laser is

the current laser of choice for endoscopic lithotripsy of ureteral calculi and of
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many renal calculi [32-34]. The principal advantages of the Ho:YAG laser over
all other currently available devices for stone fragmentation are that the laser
energy can be delivered through small (200 pm diameter) flexible optical fibers
permitting use of the laser with a small caliber (7 Fr) flexible ureteroscopes, the
ability to fragment all stone compositions, and the ability to break stones into tiny
fragments that are easily passed with little risk of ureteral obstruction [35,36].
This paper describes how laser light interacts with water and calculi to
explain the underlying mechanism(s) of laser lithotripsy. Lasers and fiber
delivery systems are compared and we try to provide some insight into future

systems.

A.3 LASER-INDUCED ABLATION (FRAGMENTATION)

The goal of laser-induced ablation is the efficient removal of calculus with
minimum damage to surrounding tissue. Response of calculi to intense laser
irradiation is a function of laser parameters and material properties of calculus and
water. Laser parameters include wavelength, pulse duration, pulse energy, and
fiber diameters (spot size) whereas material properties are associated with optical,
thermal, mechanical, and chemical properties of calculi [37-45]. The
nomenclature of laser parameters and material properties used in this paper is

summarized in Table A.1.
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Regardless of fragmentation mechanisms, absorption of laser energy
(photons) in the calculus or the surrounding water initiates calculus fragmentation.
The absorption of laser energy by a calculus or water is characterized by the
absorption coefficient, u, [cm'] of the target. The higher the absorption
coefficient, the more absorbed laser energy is concentrated at the surface of the
target. The fluence, F(z) [J/cm?] of a laser beam inside a target, which represents
the energy distribution as a function of depth, z [cm], is determined by both the
incident laser radiant exposure at the surface, H, [J/cmz] and the absorption
coefficient (u,), assuming light scattering is no larger than absorption [37,46].
According to Beer’s law, the fluence, F(z) [J/cm®] exponentially decreases with

the depth, z [cm]

F(z)=H,-exp(~4, -z) (A1)

The optical penetration depth, 6 [cm] is the depth at which the energy of
the collimated laser is reduced by 37 % (a factor of 1/e) of the incident energy.
This depth is defined as the reciprocal of the wavelength dependent absorption

coefficient, u, (1)

S(A) (A.2)

1,4
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Table A.1. Nomenclature of laser parameters and tissue properties [37].

Type Symbol Description Definition Units
A Laser wavelength nm or um
T Laser pulse duration Time extent of a pulse nsec or Usec
Laser Parameters Q. Laser pulse energv Optical energv delivered per pulse mlorJ
F Fluence Optical energv per unit area Tem?
H, Radiant exposure Optical energy delivered per pulse per unit area T/em?
L Absorption coefficient l/'em
& Optical penetration depth | & = 1/ w. — mean free path for attenuation event cm
o Thermal diffusivity Measure of heat flow mm?/s
Tissue Properties ) L
o Speed of sound Speed of sound in tissue or water mm/ s
Tth Thermal diffusion time Degree of heat diffusion within optical penetration depth LISec OF mSec
Ta Acoustic diffusion time Degree of acoustic wave diffusion within optical penetration depth Usec or msec
z Depth Depth in tissue cm
X Laser spot size Radius of laser spot on the tissue surface mm
Other parameters )
P Pressure Magnitude of stress wave or shock wave bar or kbar
T Temperature rise Temperature increase induced by stress wave or shock wave °C
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Typically, laser induced tissue ablation is the outcome of combination of
two or more mechanisms. Nevertheless, in pursuit of simplicity, we categorize
the laser ablation into two groups: photothermal and
photoacoustical/photomechanical. Different fragmentation processes contingent

upon the pulse duration are delineated in Figure A.1.

Laser Pulse Duration

————— 10ps 100 ps nm —

Large Fragments

Plume
Formation
Urinary + + i b H H
Calculus =) ] Optical
Surface Z 5\/ /; Z E /; . g N\ A Penetration
Depth
Photoacoustical/ Photoacoustical/ Photothermal Photothermal
Photomechanical Photothermal Ablation Ablation with
Ablation with Ablation with Thermal Damage
Fractures and Fractures

Dissociation

(2) (b (c) (d)

Figure A.1. The primary mechanism for photofragmentation is contingent on
pulse duration. (a) Pure photoacoustical/photomechanical ablation is associated
with internal fractures and large calculus dissociation. (b) Photothermal ablation
with internal fractures involves minor photoacoustical/photomechanical effects.
(c) Localized photothermal ablation without collateral damage to adjacent tissue
is the most desirable phenomenon for laser lithotripsy. (d) Photothermal ablation
with thermal damage to surrounding tissue (carbonization).
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A.3.1 PHOTOTHERMAL ABLATION

The temperature rise in calculi induced by laser pulses over 100 ps the
laser-affected zone (where photons are directly absorbed) is the most common
feature of 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 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 the target
material. The resultant removal of the melted, vaporized and chemically
decomposed material is called photothermally induced laser ablation
(fragmentation).

The most challenging issue involving thermally induced ablation is the
minimization of collateral damage [47-51]. The thermal energy in the laser-
affected zone dissipates into surrounding regions through the process of heat
diffusion, generating undesirable collateral damage. Damage to adjacent tissue
can be minimized or eliminated by the selection of wavelengths and pulse
durations to reduce the degree of thermal diffusion. The time which is required
for the initial deposited laser energy to move beyond the laser-affected zone is

called thermal diffusion time, 7,, [sec] and is

263



T, =— when rg>¢ (A.3)
4o
7"2

Ty =~ when 79 <6 (A4)
da

where a is the thermal diffusivity [mm?/s] and r, is the laser spot radius [mm]. In
practice, the penetration depth of laser light in calculi is smaller than the typical
spot size. When the laser pulse duration, 7, [sec] is much shorter than the thermal
diffusion time, 7,4 (i.e. 7, << 1), the absorbed energy accumulates within the
region of absorbed photons which is characterized by the laser spot diameter and
penetration depth of the laser beam. There is little heat diffusion from this region
during the laser pulse. This condition is referred to as thermal confinement [45].
The localization of deposited energy leads to efficient material removal, i.e. most
of the pulse energy is consumed by the “pure” ablation process without significant
diffusion of thermal energy to adjacent regions. For example, long-pulsed
Ho:YAG and Nd:YAG lasers (r, = 200~500 ps) operate in the thermal
confinement region. Images of Ho:YAG laser-induced craters of a struvite
calculus are shown in Figure A.2. For pulse duration longer than the thermal
relaxation time (i.e. 7, > 14), it is difficult to confine the absorbed energy to the
ablation process, and thermal damage occurs in the form of coagulation and
carbonization of tissue. Optical energy absorbed from CW and millisecond-

pulsed lasers is not thermally confined due to the long pulse durations (Figure

A.3) [52-53].
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(a) 200 mJ (b) 400 mJ

(c) 600 mJ (d) 800 mJ

Figure A.2. Cross-sectional topography of laser-induced craters was acquired
with optical coherence tomography (OCT). Single pulse of Ho:YAG laser at
different levels of laser energy was applied to struvite calculus through 273 pm
optical fiber. Localized photothermal ablation created the hemisphere shape
crater in the calculus.
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Figure A.3. Schematic illustration of photothermal interaction. (a) Incidence of

laser light on the target surface.

(b) Optical energy absorption in the laser-

affected zone and subsequent temperature rise. (c) Photothermal ablation with
plume formation and phase transfer with little heat diffusion for shorter pulse
durations (i.e. 7, << 14 ). (d) Laser-induced ablation accompanied with collateral
tissue damage (e.g. carbonization or coagulation) due to longer pulse duration (i.e.

Ty, > Typ).
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A.3.2 PHOTOACOUSTICAL/PHOTOMECHANICAL ABLATION

The response of materials to sub microsecond laser pulses can be violent
and explosive. As a result of the rapid temperature rise, the target experiences an
impulsive mechanical excitation that creates stress waves (acoustic and shock
waves) [45,54,55]. Bulk material removal induced by the mechanical energy is
called photoacoustically/photomechanically induced ablation (fragmentation). In
order to excite a stress wave that is strong enough to cause physical damage, the
laser pulse duration (z,) should be shorter than the acoustic diffusion time, 7, [sec]
which is the time required for the stress wave to propagate out of the zone of
absorbed photons. Since the stress wave travels through a medium at the speed of

sound, ¢ [mm/psec], the acoustic diffusion time is defined as

(A.5)

A laser pulse whose duration is shorter than 7, builds up mechanical energy within
the optically affected zone in the form of acoustic waves. This condition is called

the stress confinement condition [45] and is determined by the following criterion

T, <T (A.6)

P a
Photoacoustical/photomechanical effects are charaterized by thermoelastic

expansion, microexplosion, and shock wave generation.
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Thermoelastic Expansion

At a relatively low energy setting, thermoelastic expansion is induced
under the stress confinement condition illustrated in Figure A.4. The fluence (F)
still follows the Beer’s law (Equation A.1). 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 (7) is proportional to the product of the laser
fluence (F) and the calculus absorption coefficient (x,). Both P and T have the

form

u, H,-exp( —p, - 2) (A7)

Once the stress wave is generated, it propagates in two directions: into the
target (downward) and out of the target (upward) with half amplitude of the initial
value in each direction. While the downward wave propagates deeper without
interruption, the upward wave is reflected at the interface between the target and
surrouding medium due to the acoustic impedenance mismatch. If the impedance
of the medium 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
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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 (Figure A.4) [56].
Microexplosion

Laser-induced microexplosions can be observed when lasers interact with
tissue that contains water. Most soft tissues contain 70-85 % water. For hard
tissues, such as bone, teeth, and calculus, the pores between the calcified materials
are filled with about 10 % water. When calculi are irradiated with an IR laser
whose wavelength is close to the absorption peak of water, vaporization of water
takes place. Subsequently, pressure inside the gaps and pores quickly builds,
leading to rupturing. This process is called microexplosion (Figure A.5) [57,58].
Shock Wave Induced Ablation

The primary ablation process for sub-microsecond laser pulses 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 calculus. Shock waves are produced during plasma expansion and/or
bubble collapse. Sudden thermoelastic expansion generates a stress wave as well.

If the laser light is absorbed by water, a bubble is created and accumulated
stress during the pulse duration yields an intense pressure gradient during the
expansion of bubble. This shock wave is followed by a second shock wave owing

to the collapse of the bubble. Both shock waves are associated with calculus
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fragmentation [24,59-61]. As a shock wave propagates throughout the urinary
calculus, it may fracture the inside the crystalline structure.

When the calculus is exposed to extremely high irradiance of more than
10" W/em® and pulse durations less than 1 ps, a phenomenon called optical
breakdown occurs [39,40,62-67]. The laser creates numerous ionized molecules
and free electrons. These ionized molecules and electrons are ejected from the
surface and form a localized cloud called plasma. If the plasma is generated
before the end of a laser pulse, the remaining pulse energy is absorbed by the
plasma. As a result of this, the plasma expands rapidly and eventually collapses
[68,69]. As mentioned in the previous section, the rapid expansion of plasma can
induce shock waves that produce photomechanical fragmentation (Figure A.6).

For example, the Q-switched Nd:YAG laser (7, = 8-20 ns) and the pulsed
dye laser operate in stress-confined region due to short pulse duration and
generate a shock wave (i.e. typically pressure P > 100 bars) by means of plasma
expansion and/or cavitation collapse. The resulting fragmentation is typically
called laser-induced shock wave lithotripsy (LISL). Craters of cystine induced by
the Q-switched Nd:YAG laser are presented in Figure A.7. On the other hand, for
pulse durations longer than the acoustic diffusion time (i.e. 7, > 1,), stress
relaxation occurs as the acoustic wave escapes the zone of photon absorption.

Consequently, the resultant pressure wave induced by long pulse durations is not
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strong enough (i.e. typically P < 20 bars) to be responsible for initiation of

fragmentation.

Laser-induced fragmentation is often the influence of combined
mechanisms. For instance, the ejection of melted and vaporized material
(photothermally-induced products) is driven by a high pressure field
(photomechanically-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
photoacoustical/photomechanical mechanisms begin with the heating of the target,

which is a photothermal effect.
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Figure A.4. The illustration describes 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 becomes 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 (photoacoustical/photomechanical ablation) takes place.
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Figure A.5. Laser-induced microexplosion. (a) Incidence of laser light on the
tissue containing water. (b) Vaporization of water in the tissue due to optical
energy absorption. (c) Pressure increase in water following water vaporization.
(d) Photomechanical ablation after rupturing the tissue, associated with large
fragments, plume, and internal fractures.
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Figure A.6. Schematic illustrations of shock wave induced ablation. (a) The
initiation of optical breakdown (ionization process). (b) Plasma formation and its
shielding of the incident light in an early stage. (c) Plasma expansion
accompanied with generation of shock waves. (d) Photoacoustical ablation with

mechanical fractures inside the crater.
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(2) Dry Calculus (b) Wet Calculus

Figure A.7. Top view of laser-induced craters is shown. A Q-switched Nd:YAG
laser (7, = 20 ns, r, = 0.75 mm, F = 14 J/em®) was irradiated on cystine.
Photoacoustical/photomechanical effects caused calculus fragmentation with
fracture and large calculus dissociation. (a) 50 pulses of laser light were
irradiated on dry calculus. (b) 30 pulses were applied to wet calculus, which was
immersed in deionized water for a minimum of 24 hours prior to ablation
experiment.
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A4 REVIEW OF LASER LITHOTRIPSY

Four major lithotripsy modalities were employed clinically by the early
1990s: electrohydraulic lithotripsy (EHL), ultrasonic lithotripsy, extracorporeal
shockwave lithotripsy (ESWL) and laser lithotripsy [2]. EHL systems created a
shock wave by an electrical discharge. However, only fragile calculi could be
fragmented and the procedure was performed with a chance of a perforation of
the ureter along with deleterious effects on endothelium. Ultrasonic lithotripsy
was available for both renal and ureteral calculi, but the requirement for a large
caliber and high rigidity ultrasonic probe was impractical for both small caliber
ureteroscopes and flexible ureteroscopes commonly used in current clinical
practice. ESWL was a minimally noninvasive procedure that generates shock
waves outside the body that are focused the kidney or ureteral stone. The
convergence of shock waves to this focus effectively fragmented renal calculi.
However, ESWL was effective for only some stone compositions and stone-free
rates were generally no better than 70 % after treatment. In contrast, laser
lithotripsy enabled fragmentation of both ureteral and renal calculi via ultrasmall
fibers with minimal tissue damage.

Among many commercially available lasers, the widely accepted devices
for lithotripsy are the pulsed-dye laser, the Ho:YAG laser, and the frequency-
doubled double-pulse Nd:YAG laser (FREDDY). In this section, the

commercially available laser lithotrites are reviewed and their preliminary
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ablation mechanism(s) (i.e. photothermal and photoacoustical/photomechanical)
is discussed.
Flashlamp-pumped Pulsed-dye Lasers (FPDL)

The flashlamp-pumped pulsed-dye laser (4 = 504 nm, 7, = 1 ps, pulse
repetition rate = 5 Hz, O, < 140 mJ [11,18,20]) is one of clinically available
lasers for lithotripsy [1-6]. The laser uses a coumarin green dye to achieve a
wavelength of 504 nm, which matches the wavelength for high absorption in
calculus while minimizing absorption in adjacent tissue. The ablation threshold
is low for the 1 ps pulse duration, and there is minimal damage to surrounding
tissue. The relatively slow 5-Hz repetition rate reduces the effect of residual heat
of the previous pulses.

A photoacoustical mechanism is responsible for calculus fragmentation.
Localized energy absorption of the laser beam by the calculus initiates the
generation and subsequent expansion of plasma, which is confined to
surrounding water. Stress confinement during plasma expansion produces a
cavitation bubble which collapses after several hundreds of microseconds [70]. It
is the shock waves originated from plasma expansion and cavitation bubble
collapse that create the photomechanical effects on the calculus.

In an early study, Teng et al. [12,70,71] observed a higher ablation
efficiency when a calculus was immersed in liquid than when it was suspended in

air because of the confined plasma in water. They concluded that the plasma-
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mediated shock wave was responsible for calculus fragmentation. Rink et al.
[23,24] found that the strongest acoustic pressure occurred upon bubble collapse.
Their experiments exhibited acoustic transients induced at plasma expansion and
subsequent events of cavitation bubble collapses. The pressure amplitude at the
first bubble collapse after the pulse was up to five times higher than the pressure
wave generated by plasma expansion. They concluded that pulsed-dye laser
lithotripsy was governed primarily by cavitation dynamics.

The main drawback of the pulsed-dye laser, however, is the necessity for
periodic change of dye in the laser and costly maintenance. Another limitation of
the pulsed-dye lasers is the inability to fragment calculus of hard components, for
example, cystine and calcium oxalate monohydrate (COM) [15,16]. Moreover,
because the pulsed dye laser operates at a wavelength in the middle of the visual
spectrum, laser eyewear protection blocks wavelengths close to peak retinal
sensitivities, inducing color perception distortions among surgeons while wearing
the laser eyewear protection [72].

Ho:YAG Laser
The long-pulsed Ho:YAG laser (A = 2.12 pm, 7,= 250 ps, pulse repetition

rate = 5~20 Hz, O, = 200 mJ~2 J) has been utilized extensively in lithotripsy

since 1995 as a widely accepted clinical laser. The first in vitro studies of the
free-running Ho:YAG laser lithotripsy (4 = 2.12 um, 7,= 250 ps, O, < 1.5 J) were

reported by Jiang et al. [73] and Sayer et al. [74] In spite of the ability to
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fragment all urinary and biliary calculi, including cystine and calcium oxalate
monohydrate, initially the underlying mechanism was not identified. Some
proposed processes were shock wave effects similar to LISL [75-77] and jet
formation due to bubble collapse near the calculus surface [77,78]. Recent
studies reported that the ablation mechanism was different from LISL [35,79].
Dushinski and Lingeman [79] confirmed that there was no correlation between
mass loss and bubble size. Acoustic effects upon bubble collapse did not
influence fragmentation. Inconsequential effects of bubble formation were
substantiated by Schmidlin et al. [31].

The primary mechanism in Ho:YAG laser lithotripsy is photothermal with
minimal acoustic emission due to the long pulse duration of the Ho:YAG laser
[28,29]. After laser irradiation, rapid evaporation of water occurs at the gap
between the calculus surface and the delivery fiber tip in a liquid environment,
inducing an expanding vapor bubble. Chan ef al. [29] noted that negligible or no
pressure transients (P < 2 bars) were measured upon cavitation bubble collapse.
Although small, there are some minor effects of
photoacoustical/photomechanical mechanism on initiation of calculus
fragmentation that may assist the resultant ablation process. The first tens of
microseconds of the Ho:YAG laser pulse produces a bubble between the calculus
and the fiber tip. The bubble forms a channel for the remaining laser pulse that is

directly delivered to the calculus (i.e. Moses Effect [80]). The temperature rise
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due to calculus absorption contributes to chemical breakdown which weakens the
mechanical strength of the irradiated volume, resulting in calculus decomposition
and fragmentation in smaller size than LISL [35]. In addition, heating interstitial
water within the calculus causes explosive vaporization, which promotes the
ejection of calculus fragments from the original calculus. The procedure is
associated with minimal collateral thermal damage to surrounding tissue.
Although there is less mechanical force applied to the stone using the
Ho:YAG laser versus LISL, there may still be retropulsion due to Newtonian
forces as a result of fragment ejection from the stone surface [81]. Technically,
Ho:YAG laser lithotripsy is relatively simple to perform. The absence of
significant acoustic waves, lack of collateral damage, and tiny stone fragments
created imply that the urologist can maintain the optical fiber on the stone surface,
discharge the laser directly on the stone, and achieve successful stone
fragmentation with little risk of bleeding or tissue injury. It is imperative that the
optical fiber tip be visualized throughout the procedure and confirmed to be in
contact with the stone surface and not in contact with tissue mucosa or in the
ureteroscope. Also, as Ho:YAG laser lithotripsy produces tiny fragments, it is
slower than other lithotripsy modalities to fragment an entire stone, producing

potentially longer surgical times [82].
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Frequency-doubled Double-pulse Nd:YAG (FREDDY)

The frequency-doubled double-pulse Nd:YAG (FREDDY) laser (4;= 532
nm, 4, = 1064 nm, 7,= 1.2 ps at 1064 nm, Q, = 120 mJ) is the most recently
developed laser for lithotripsy [83]. The use of a KTP crystal in a short pulse
Nd:YAG laser converts a portion of the 1064 nm wavelength of the Nd:YAG
laser to 532 nm. The FREDDY laser generates a synchronized “double-pulse” of
532 nm and 1064 nm light. During the pulse duration, about 20 % of the output
beam is at 532 nm and remainder at 1064 nm [84].

The fragmentation process in FREDDY laser lithotripsy is primarily due
to photoacoustical mechanisms without adverse thermal effects. The calculus
surface absorbs the green light (1; = 532 nm) and a low density plasma is
generated over the surface. This plasma absorbs the remaining laser light (1, =
1064 nm). The greatly reinforced plasma expands and generates a cavitation
bubble. Subsequently, both plasma onset and cavitation collapse induce a shock
wave strong enough to fragment the calculus, which is similar to the FPDL [84].
Clinical trials have shown that FREDDY fragments calculi with minimal damage
to adjacent tissue [85]. Compared to the pulsed-dye laser and the Ho:YAG laser,
FREDDY showed relatively minimal tissue perforation. However, its principal
limitation to date has been the high failure rate for fragmentation of cystine and

calcium oxalate monohydrate stones, similar to previous experience with the
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pulsed dye lasers.  Further clinical studies are required to investigate

fragmentation time for different calculus compositions.

A5 FUTURE DEVICES

Research continues to achieve high ablation efficiency, reduced treatment
time, and minimal collateral damage. One of the promising lasers for lithotripsy
is the Er:YAG laser with a wavelength of 2.94 pm, which is highly absorbed in
water. For endoscopic applications, the delivery of the Er:YAG beam will require
an efficient IR fiber or waveguide delivery system.
Er:YAG Laser

The Er:YAG laser has been widely employed in dentistry, orthopedics,
stapedotomy, burn surgery, and ophthalmology [86-90]. Since Daidoh ef al. [91]
proposed optimal wavelengths of 3 um and 6 um for efficient fragmentation of
COM and uric acid calculi, the feasibility of Er:YAG laser (4 = 2.94 um, 7, =
250~500 ps) in lithotripsy became of interest, following the studies with a
Er:Cr:YAGG laser [92,93]. It was reported that compared to the Ho:YAG laser
(4 = 2.12 um), the Er:YAG system had lower ablation thresholds and higher
ablation efficiencies for a variety of calculi, which suggest that the Er:YAG may
be a more efficient lithotrite [88,94-96]. Due to the coincidence of the

wavelength (4 = 2.94 um) with the water absorption peak in the infrared spectrum,
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the Er:YAG laser produces more precise ablation and less thermal damage than
the Ho:YAG [89,90].

It is assumed that the Er:YAG laser lithotripsy initially fragments calculi
through a photothermal mechanism [97]. Laser energy is delivered to a calculus
through a vapor channel that is formed between the fiber tip and the calculus in
the first few microseconds of the Er:YAG pulse. The remainder of the pulse is
absorbed by the calculus inducing fragmentation, including recrystallization and
plume formation. During ablation, insufficient or no shock waves have been
measured [97]. Nevertheless, even minor photoacoustical effect may partially aid
the resultant fragmentation process. Heat diffusion beyond the optical
penetration depth minimizes collateral tissue damage. Investigations on the
feasibility of the Er:YAG laser in lithotripsy are in progress. However, a major
concern is the availability of fibers to deliver the Er:YAG laser light
endoscopically.

Infrared Optical Fibers

Following the progress and medical applications of infrared (IR) lasers,
the improvements in light delivery system has focused on efficient and reliable IR
fibers to transmit laser light (A > 2 pm) [98-100]. Conventional IR fibers include
zirconium fluoride, germanium oxide, sapphire, and hollow waveguides. The
features of each fiber are summarized in Table II. Biomedical applications [101]

of the zirconium fluoride (ZrF,) fiber are limited by its relatively low melting
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point and hygroscopic and non-biocompatible properties, which are inappropriate
for laser lithotripsy [99,102]. The advantages of the germanium oxide (GeO.)
fiber include high flexibility and low transmission loss, but thermal damage due
to the low melting temperature (i.e. low damage threshold) induces a rapid
deterioration at the fiber tip during calculi ablation [98,103,104]. The
biocompatible sapphire fiber is a leading candidate for use in IR laser applications,
transmitting from visible wavelengths to approximately 3.5 um. This fiber has a
high melting point of 2040 °C and low transmission loss of less than 2 dB/m
[104-106]. Nevertheless, limited flexibility and high absorption loss at 2.94 pm
encumber its applications for endoscopic lithotripsy. In contrast to solid-core
fibers mentioned previously, the hollow waveguide consists of air-filled core to
deliver optical light, which results in low insertion loss and no end reflection.
Besides, high flexibility and low transmission loss of this fiber is a promising
candidate for laser light delivery [107-111]. The major drawback, however, is
water intrusion into the hollow waveguide. Mohri ef al. protected the distal end
of the fiber with a film of polymer or an quartz sealing cap [112]. In vitro studies
of Er:YAG laser lithotripsy with an end-sealed hollow waveguide demonstrate the
applicability of this method for calculus fragmentation; however, the sealing cap
deteriorates during ablation [113].  Further investigations on endoscopic

application of the hollow waveguide are still required to achieve efficient light
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delivery. Taking advantage of high flexibility and high damage threshold, the

germanium oxide (GeQ,) fiber with a sealing cap is a promising delivery system.

285



Table A.2. Characteristics of infrared optical fibers to deliver Er:YAG laser (1 = 2.94 um) light [98-111].

Core Material Fibers Advantage Disadvantage
. ) ) - Low glass transition temperature {fragility)
Zirconium Fluoride ) .
- Low attenuation loss - Low melting temperature {low damage threshold)
(ZrF4) , , . ,
- Non-biocompatible and hvgroscopic properties
Glass
Solid Germanium Oxide - High flexibility - Low melting temperature {low damage threshold)
Core (Ge02) - Low transmission loss - Rapid deterioration at the fiber tip
- High melting temperature of 2040 °C
. (high damage threshold) - Limited flexibility
Crystal Sapphire o
- Low transmission loss - High absorption loss at 2.94 pm
- Biocompatibility
. - Limited flexibility
- High power threshold

Hollow Core
{air-filled core)

Hollow waveguide

- Low insertion loss

- No end reflection

- Loss inversely proportional to bending radius and
cubic bore diameter

- Water or fragments intrusion into the waveguide
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A6 CONCLUSION

This paper has reviewed the photofragmentation process associated with
clinical laser lithotripsy. The laser pulse duration determines the primary
mechanism(s) in calculus fragmentation, and water/calculus properties dependent
on the laser wavelength influence the efficacy of the light-tissue interactions.
Long-pulsed lasers (7, > 100 ps) induce photothermal effects leading to calculus
fragmentation while short-pulsed or nanosecond lasers (z, < 10 ps) contribute to
shock wave induced ablation by means of photoacoustical/photomechanical
mechanism.

The purpose of ideal laser lithotripsy is to remove urinary and biliary
calculi in a minimally invasive or noninvasive manner without tissue damage.
Although the pulsed-dye laser and the Ho:YAG laser are used extensively in
clinical lithotripsy, exhaustive investigations are still required to establish
efficient and reliable treatment of urinary calculi. Furthermore, advanced laser
lithotripsy will require new developments in both clinical laser systems and
infrared light delivery systems, accompanied with further investigations on the

physical properties of a variety of calculi.
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