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Abstract

The photothermal effects resulting from pulsed laser irradiation of biological tissue can
be employed to extract the material properties of the target tissue as well as to study the
dynamics of photothermal laser-tissue ablation. To measure such photothermal effects in a
time-resolved manner, an interferometer capable of tracking the surface displacement of tissue
with single nanometer spatial resolution and 4 nanosecond rise time was developed.

Using the interferometer and a theoretical model, we developed a novel spectroscopic
technique, termed Interferometric Photothermal Spectroscopy (IPTS), which can estimate the
effective absorption coefficient of a laser pulse in a tissue target. This new technique is
important since it is epitaxial and involves minimal disturbance of the sample. Consequently it
has potential use for in vivo measurements of effective absorption coefficients. To validate the
technique, the absorption coefficient of Q-sw Er:YSGG laser radiation in pure water was
measured using IPTS and the results agreed with values cited in the literature. IPTS was then
employed to measure the effective absorption coefficient of 193 nm ArF excimer laser radiation
to be 1.9+ .4 x 10* cm™ for in vitro bovine corneal stroma.

We employed the interferometer to study pulsed laser driven heat and mass transfer.
Data obtained from water samples exposed to intense Q-sw Er:YSGG laser radiation strongly
suggests that at high irradiances, the rate of surface vaporization rivals and perhaps even
exceeds the upper limit predicted by a free molecular flow kinetic theory model. Such high rates
of interphase heat and mass transfer are expected to influence the ablation dynamics when the
effective absorption depth is extremely small (<~ 3 pm). High surface vaporization rates can
result in the evolution of a subsurface temperature maximum where explosive nucleation and
bubble growth can occur. A better understanding of these phenomena could yield predictive
models for photothermal laser ablation which would be superior to empirical models in the
literature in that they could be used to develop new clinical laser ablation procedures as well as
to optimize current clinical laser ablation parameters.
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Nomenclature

b - thickness of acoustically thin layer [m]

¢ - mean molecular velocity [m/s]

c, - sonic velocity [m/s]

¢, - heat capacity [J/kgK]

D - characteristic penetration depth of radiation [m]
E - Youngs modulus of elasticity [N/m’]

h

. - vaporization energy [J/kg)

J., - mass flux from condensed to vapor phase [molecules/m’s]
J,—,. - mass flux from vapor to condensed phase [molecules/m’s]
k - thermal conductivity [W/mK]

K, - bulk modulus [N/m?]

L - edge length of cube [m]

m - molecular mass [kg]

n - index of refraction [-]

n, - number density of vapor molecules [molecules/m®]

g nax - Maximum interphase heat flux [W/m’]

q""user - VOlumetric heating by laser pulse [W/m’]

- Cumulative heat conducted from water to saran [J/m?]

Qwaler —Isaran

R - ideal gas constant [J/kgK]
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t - time [s]

T - temperature [K]

T, - ambient temperature [K]

u, u, u, - local displacements in x, y, and z directions respectively [m]
V - volume [m’]

V,na - €Onduction velocity [m/s]

V,,, - Velocity of phase interface resuiting from vaporization [m/s]
w - transverse laser beam diameter [m]

X - X coordinate [m]

y - y coordinate [m]

z - depth coordinate in irradiated target [m]

Z, - depth coordinate in target before irradiation [m]

Z - acoustic impedance [kg/m’s]

o - thermal diffusivity [m%s]

¢, - thermal expansion coefficient K1
Az - surface displacement [m]

g, - strain tensor [-]

£, - normal strain in z direction [-]

£

recoil

, - strain resulting from vaporization momentum [-]

¢, - incident laser fluence, also termed radiant exposure [J/m’]
A - wavelength [m]

A, - acoustic wavelength [m]

A

‘therma

;- characteristic wavelength of thermal radiation [m]
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1, - radiation absorption coefficient [1/m]

v - Poisson's ratio [-]

p - density [kg/m’]

p, - initial density of target material [kg/m’]

o - condensation coefficient [-]

0~ strain tensor [N/m’]

0., - Stress resulting from vaporization recoil momentum [N/m’]

O - temperature relative to ambient [K]

T, - laser pulse length [s]
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Chapter 1
Introduction

1.1 Background and Motivation

This thesis is concerned with the thermal response of biological tissue to short pulsed
(<1 ms) laser radiation. The therapeutic and diagnostic uses of short puise laser irradiation of
tissue is an important subset of the larger field of laser-tissue interactions. Short pulse laser
systems are increasingly employed for purposes as diverse as ablation [55, 110], hyperthermia
[111], optical diagnostics [31, 53, 114], drug delivery enhancement [15], and photodynamic
therapy [22, 81]. In many cases, the thermal response of the tissue is a critical component of
the medical procedure. The accurate measurement of the thermal transients which result from
irradiation can be employed to understand the mechanisms mediating the laser-tissue interaction
as well as to derive structural, optical, and thermophysical properties of the target tissue. The
effects are termed photothermal since they result from the dynamic thermal field and associated
phase changes within tissue that are caused by the laser pulse.

Despite extensive research, the mechanisms underlying short pulsed laser ablation of
biological tissue remain unclear. For example, it is impossible to predict the minimum pulse
energy required for tissue ablation (ablation threshold) for many common clinical laser systems.
For certain clinical applications, such as ArF excimer laser irradiation of cornea, even the nature
and spatial distribution of the pulsed laser energy deposition process remains obscure.
Understanding the mechanism and the dynamics of laser-tissue ablation is essential for

modeling and controlling these processes. Optimal therapeutic results depend on a proper
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choice of laser parameters, which can only be determined with a proper understanding and
modeling of the ablation event.

In general, the characteristics of laser-tissue ablation are determined empirically and this
means that improved ablation characteristics can only be obtained by investigating all possible
combinations of laser parameters. A better way would be to develop predictive models for
laser-tissue ablation in order to determine which laser parameters will yield the best results for a
given clinical procedure. With this knowledge efforts could be directed towards producing a
laser with the desired characteristics.

Novel instrumentation is required in order to obtain precise measurements of the
photothermal effects of pulsed laser ablation of tissue. Techniques such as stress wave
detection [18, 56, 58, 95, 96], histology [103, 107], interferometry 3, 32, 33], and tissue
mass removal assays [102, 104, 105] have been specialized for use in studying laser tissue
interactions. There is an ongoing need for novel and improved techniques for monitoring
photothermal laser-tissue interactions.

Finally, the photothermal effects resulting from pulsed laser ablation of tissue may be
used to estimate various thermal and optical properties of tissue. These properties may not only
be useful and informative in their own right, but also may be linked to the health or state of the
tissue. Lasers are increasingly employed for what is termed minimally-invasive or optical
diagnostics of tissue [31, 53, 114]. Advances in photonics and computation technology have
made it possible to diagnose tissue pathology without traditional tissue resection biopsy and the

associated time, cost, and risk.

1.2 Selected Medical Applications for Laser Irradiation of Tissue

Laser medical applications may be subdivided into two categories, diagnostics and
therapeutics. Laser diagnostics provide information about the tissue or a particular laser-tissue

interaction and it is worth noting that an important goal for diagnostics is to get the best
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information while minimizing physiologic disruption. Laser diagnostics include fluorescence
based detection of cancers [53], time and frequency domain photon migration [112, 114],
pulsed photothermal radiometry (PPTR) [35, 43, 50], and optical measurements of blood
oxygen saturation [40, 44, 69, 114]. Laser therapies are interventions intended to effect a
positive clinical outcome. Examples of laser based therapies include photodynamic therapy [22,

81], tissue ablation [55, 110], and hyperthermia [111].

For therapeutic laser applications, the desired outcome is often determined by purely
thermal or thermo-mechanical effects as opposed to photochemical reactions. An example of a
thermally driven effect is the haemostasis (suppression of bleeding) resulting from thermal
coagulation of blood and blood vessels during laser cuiting of soft tissue. An example of a
thermo-mechanically mediated therapeutic effect is the destruction of kidney stones by laser
lithotripsy, whereby the thermal energy of a short laser pulse induces a cavitation bubble which
shatters the stone upon collapse [75, 76]. In ali of these applications, the proper choice of laser
parameters is vital since these parameters modulate the thermo-mechanical effects and may lead
to deleterious results such as unwanted tissue dissection or cell death [13, 108, 113]. The
measurement of these thermo-mechanical transients in combination with theoretical modeling
can be effectively used to identify key features of laser-tissue interactions. This approach has
been shown to be successful for the study of pulsed laser ablation where the modeling of laser-
induced thermo-mechanical effects has provided information regarding the mechanism and

dynamics of laser ablation processes [4, 33, 95, 96].

1.2.1 Medical Laser Ablation

Laser tissue ablation is defined as the removal of tissue resulting from intense iaser
radiation and was one of the first medical applications considered for laser technology. It
remains one of the most successful medical applications. Early on the advantages of laser tissue
ablation were recognized: thermal effects resulting from laser heating could effectively coagulate
blood vessels thus limiting bleeding. Under some conditions, the laser afforded the surgeon

enhanced control and required no applied forces to cut tissue. Additionally, the proper choice
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for laser parameters such as wavelength and pulse structure can selectively destroy certain
tissues while leaving others unharmed [5].

Laser ablation can result from three distinct mechanisms: photothermal,
photomechanical, and photochemical. In photothermal ablation, intense laser radiation leads to
rapid tissue heating and a phase change which effects material removal. In photomechanical
ablation, the tissue is heated so rapidly that the resulting dynamic stress field exceeds the
ultimate tensile stress of the tissue and mechanical fracture results. In photochemical ablation,
also termed ablative photodecomposition, the laser photons contain enough energy to directly
destabilize and fracture the molecular bonds of the tissue. It is not always clear which of the
three mechanisms are responsible for an ablation event, for example the mechanism for ArF
laser ablation of cornea remains somewhat controversial [62, 88, 89]. In some situations, more
than one of these mechanisms may be operative.

To understand and model the mechanisms and dynamics of laser ablation, sophisticated
instrumentation for monitoring the process is required. Previous researchers have employed a
wide range of techniques to analy - laser tissue ablation including mass loss measurements
[102, 104, 105], high speed photography [15, 23, 34, 57, 59, 100, 106], Raman spectroscopy
[27], probe beam deflection [27], radiometry [35, 43, 93, 98], stress transient detection [18,
88, 95, 96], interferometry [32, 33], and histology [103, 107]. Each of these methods have
advantages and disadvantages but in general time-resolved techniques such as stress transient
detection and interferometry provide much more detailed information about the ablation
dynamics than other techniques such as mass loss measurements or histology.

Recent work suggests that the choice of laser wavelength and pulse duration determines
which tissue constituents absorb the laser energy and this choice in turn determines the
dynamics of the ablation. The tissue structural matrix is responsible for the tissue structural
integrity so specifically targeting the structural matrix has been proposed as a method for

minimizing the energy required for ablation and thus the resulting collateral damage [61].

Understanding and modeling laser ablation remains an important and fertile field of
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research as new laser sources become available and new medical laser ablation procedures are
developed. Recently, researchers have made efforts to develop predictive models for laser
ablation in place of descriptive empirical models. Such predictive models are particularly useful
since in the absence of experimental data, they can suggest which laser wavelength band or

what laser pulse duration is most suitable for a medical ablation procedure.

1.2.2 Minimally-Invasive Diagnostics

The phrase "above all do no harm" from the Hippocratic oath captures the motivation
and zeal with which physicians seek techniques for diagnosing pathologies without disturbing
surrounding tissues. In recent years, a plethora of optical diagnostic techniques have been
developed. The rapid diversification of optical diagnostic techniques results primarily from
recent advances in photonics and computational technologies. These techniques generally
exploit the ability to deliver radiation to and detect it from relatively remote locations deep inside
the body such as the gut and coronary arteries, as well as from readily accessible sites such as
the skin or oral cavity. For example, optical techniques can be employed to detect neoplasms,
cancers, and the concentration of chemical species [31, 53].

Other minimally-invasive diagnostic techniques such as ultrasound and X-ray imaging
have flourished as well in recent years, but optical techniques have certain advantages such as
high bandwidth, high resolution, potential sensitivity to biochemistry, and a relative lack of side
effects. Optical diagnostics may range from single point measurements to real-time three
dimensional images of tissue [31]. One important issue for optical diagnostic techniques is the
degree of contrast between pathological and non-pathological structures. For example, in the
absence of any chemical stain, a thin slice of almost any tissue appears transparent when
illuminated by visible light. Consequently it is nearly impossible to distinguish between
pathological and normal tissue without a stain. However, many tissue substances have specific
optical absorption and fluorescent properiies which can be probed with monochromatic
excitation and detection. These techniques can potentially be exploited to monitor not merely

tissue structure but also its biochemical composition and physiological functions.
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1.3 Photothermal Techniques For Spectroscopy and NDE

Measurement and modeling of the photothermal effects of short pulse laser irradiation
can be employed to extract information about the properties of the target. Techniques such as
photoacoustic spectroscopy (PAS) have been employed for many years to determine the
absorption coefficient of pure substances and engineering materials [8, 77, 83, 91]. These
photoacoustic techniques have also been employed to determine the optical properties of
biological tissue samples with modest success [1, 11, 84, 85]. More ambitious efforts have
been made to use the photothermal effects resulting from pulsed or modulated laser irradiation
as a form of non-destructive evaluation (NDE) and even imaging (36, 52, 54, 77, 78].

Since most tissues are both heterogeneous and anisotropic their properties are difficult to
model and are usually determined empirically. Further complications arise because the tissue
properties are often strong functions of tissue hydration, coagnlation, and local energy density,
some or all of which may change during irradiation [12, 19, 20, 62, 64-66, 89, 101]. For
example, the absorption coefficient of 193 nm radiation in cornea was found to depend strongly

on hydration state and the method of sample preparation [19, 20, 62, 64, 68].

NDE techniques developed for engineering have a particular resonance with efforts in
the medical community to develop new minimally-invasive diagnostic techniques to avoid
resorting to traditional biopsy and subsequent histoiogical and biochemical analysis. The
photothermal effects resulting from short laser pulses may have the potential to form the basis
for new clinical minimally-invasive diagnostic techniques. Pulsed photothermal radiometry
(PPTR) is a specific minimally-invasive diagnostic technique which measures the temporal
evolution of the radiative emission from the surface of a tissue sample in response to a short
pulse of sub-ablative laser radiation. This measurement is then used to compute the thermal
field below the surface and can be used to obtain spectroscopic or structural information [42,

43, 90, 98]. This technique has been applied to biological systems in an effort to detect the
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location and size of subsurface blood vessels in skin [35, 50].

In general, to extract information about a tissue target from its photothermal response to
pulsed laser irradiation, it is necessary to model the physics governing the process. When the
goal of the measurement is a tissue material property, the equations governing the photothermal
response cannot always be inverted directly to yield this value and hence sophisticated parameter
estimation techniques are necessary [7, 30, 35, 60]. For example, PPTR is often times
concerned with an inverse heat transfer problem. Given the temporal evolution of the
temperature field on the boundary, the goal is to determine the initial temperature field in the

interior.

1.4 Research Objectives

Based on the recent success of interferometric techniques to measure the surface
displacement of laser irradiated tissue [3, 4, 32, 33], interferomeiry was chosen to measure the
tissue photothermal response. Given the capability of this instrumentation and the state of
knowledge in the field of laser tissue interactions, the specific research objectives for this work

were organized as follows:

I. Improve interferometric instrumentation for the measurement of
surface displacement resulting from short pulse laser irradiation

II. Develop a novel technique for estimating the effective absorption
coefficient of a short laser pulse in tissue

III. Employ this technique to estimate the effective absorption depth of
193 nm laser radiation in cornea

IV. Study the effects of high rate interphase heat and mass transfer on
laser ablation

In light of these goals, the structure of this thesis is as follows. The interferometric
instrumentation is presented and discussed in Chapter 2. In Chapter 3, suitable models for the
surface displacement of laser irradiated tissues are derived. Based on this modeling, a novel

minimally-invasive diagnostic technique termed Interferometric Photothermal Spectroscopy
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(IPTS) is developed. The results of a verification experiment are presented along with the
results of a pilot study illustrating the power of this new technique. In Chapter 4, the influence
of interphase heat and mass transfer on the thermo-mechanical response of water and tissue to
short pulse laser irradiation is discussed along with implications for tissue ablation. Finally, in
Chapter 5 conclusions drawn from this work and future directions for related research are

presented and discussed.
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Chapter 2
Interferometric Measurement of Surface
Displacement

2.1 Introduction

Interferometry is an attractive technique for time-resolved measurements of photothermal
and photomechanical effects resulting from puised laser irradiation of biological tissue since it
has high sensitivity (~nm) and bandwidth (~100 MHz). In additicn, an interferometer is
inherently minimally-invasive since it measures time resolved displacements by analyzing the
phase of reflected light. Interferometry has been extensively employed for sensitive
displacement measurements for many decades and has already been employed by Albagli and
co-workers to study medical laser ablation [3, 4, 32, 33].

Competing techniques for obtaining time-resolved information about the effects of
pulsed laser irradiation include stress transient detection, transmission or reflection
spectroscopy, fluorescence spectroscopy, Raman spectroscopy, and PPTR (pulsed
photothermal radiometry). Only interferometry and stress transient detection directly measure
the thermo-mechanical response of tissue to pulsed laser irradiation. For some laser-tissue
interactions, as in the case of ArF excimer laser irradiation of cornea described later in this
thesis, the absorption depth of the laser is so small that the resulting thermoelastic siress waves
are too weak to be detected with existing stress transducers. In addition, both transmission
spectroscopy and stress transient detection generally require thin tissue specimens in vitro.

Fluo:escence spe:troscopy may require the use of a fluorescing dye, and in general such
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techniques may not provide useful information about the thermal state of the tissue. The tissue
volume heated by the pumping laser is often thinner than the length scale of the wavelength of
its peak radiative emission {generally 7-10 pm), consequently the radiative emission is
suppressed and PPTR cannot be employed. In some cases, interferometry may be the only
viable option for monitoring the thermo-mechanical tissue response.

Interferometry has been employed to study the dynamics of mechanically confined laser-
tissue ablation [3, 32]). The researchers in these pioneering studies demonstrated that
interferometric measurements of tissue surface motion can be combined with suitable models te
obtain useful information about the inechanical and optical properties of the tissue. In theory, a
clinical interferometer could be built into an endoscope or even applied to the surface of exposed
skin. Such a device could provide useful diagnestic information about the health of the tissue
target when the target is exposed to a short sub-ablative laser pulse. In Chapter 3,
interferometry will be employed to estimate the effective absorption coefficient of 193 nm laser
radiation in cornea, an important paramneter for understanding and modeling the clinical
procedure known as photorefractive kerateciomy (PRK). In Chapter 4, interferometry will be
employed to explore the dynamics and implications of high rate interphase heat and mass

transfer near the ablation threshold.

2.2 Time-Resolved Techniques for Monitoring the Thermo-
Mechanical Effects of Pulsed Laser Irradiation

At this tirze, there are only two techniques for directly monitoring the thermo-mechanical
effects of pulsed laser irradiation: stress transient detection and surface displacement
measurement. The two techniques are relatively complementary as wili be described in the
sections below.

2.2.1 Stress Transient Detection

Stress transients result from a laser tissue interaction due to rapid heating of the tissue,
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the recoil momentum resulting from tissue removal, or from plasma formation or other violent
phase change phenomena [15, 83]. In general, the propagation of such stress transients is
governed by wave mechanics and thus they are modified during propagation by diffraction,
dispersion, and attenuation. Due to the nature of stress wave generation and propagation in
tissue, it is very difficult to measure the stress transients induced in tissue without sectioning it;
stress waves cannot readily be detected epitaxially. Several techniques for time-resolved
detection of stress wave are available including hydrophones or piezoelectric devices.
Piezoelectric devices are in general more sensitive and have a higher bandwidth than
hydrophones. Accordingly they have been more successful for the quantitative study of laser
induced stress transients.

In previous studies, a 9 pm polyvinylidene fluoride (PVDF) foil has been employ. . to
characterize the dynamics of laser tissue ablation [18, 57, 95, 96]. This type of transducer has
the advantages of high bandwidth (~70 MHz), planar stress wave detection, and, sensitivity
(noise floor of ~10° Pa). Additionally, it may be readily coupled to the rear side of thin tissue

specimens so that one dimensional stress transients may be clearly resolved.

2.2.2 Surface Displacement Measurement

Surface displacement measurement represents the complement to stress wave detection
in a fundamental sense since stress transducers detect the state of stress while surface
displacement instruments detect the state of strain (or displacement) in the sample. In theory, if
the relationship between the stress, strain, and temperature (often termed the equation of state)
of the irradiated target were understood, and the temperature field in the tissue was known, then
a measurement of the state of stress could be used to determine the state of strain and vice versa.

Optical techniques are ideal for measuring surface displacement and interferometry
provides the highest bandwidth and sensitivity available at this time. There are several excellent
references which discuss the basic operating principles of interferometry consequently we will
not discuss them in this thesis [9, 24, 28, 29]. Optical interferometric surface displacement

detection has several advantages over PVDF stress wave detection as tabulated in Table 2.1.

29



Stress transducers integrate the signal over a large area to provide a single value for stress as a
function of time, while interferometer probe beams can be focused down to small spot sizes
(~15 pm) that monitor the motion of only a small surface region. Consequently, several
different interferometer position traces may be combined to create a three-dimensional contour
of the response of a target surface exposed to pulsed laser irradiation. In general, stress
transducer rise times are limited to about 5 ns. In contrast to stress transducers, the
interferometer rise time is limited only by the quality of the optical signal and the response time
of the detection equipment so that single-nanosecond rise times are feasible.

The signal calibration curve of a stress transducer which relates stress to voltage is
difficult to determine precisely and may vary during the course of experiments [94]. In
contrast, the calibratior: between the phase in an interferometer and the relative path length
difference between its two arms is generally known to a very high precision. Acoustic
reflections limit the duration of a stress transducer measurement while interferometry suffers
from no such impediment. However, interferometer probe beams may be blocked by ejecied
material during an ablative cvent, and changes in the tissue surface may compromise signal
quality. Since stress transducers are most effective when used to monitor transients traversing
thin samples, it is difficult to employ them ir vivo while it is relatively easy to use an

interferometer for in vivo monitoring.

Interferometer PVDF Stress Transducer

» Measures strain (actually displacement) |  Measures stress at rear surface of
at front surface of target target

* Monitors motion of single ~15 um * Integrates stress measurement over
diameter spot entire surface area of transducer

« Negligible calibration uncertainty * Suffers from calibration

uncertainty

° ~4 ns rise time (potential for <500 ps) | ® ~5 ns rise time

* Difficult to employ in vicinity of * Readily employed to monitor
material ejection ablative events

* Easy to employ in vivo * Difficult to employ in vivo

Table 2.1: Comparison between interferometer «znd PVDF stress transducer

30



2.3 Interferometer Design

The experimental configuration empioyed for this thesis is shown in Figure 2.1 and
consists of a tissue target, a modified Mach-Zehnder interferometer, and a pump laser source.
A 2 mW polarized HeNe (helium-neon) laser beam (Melles Griot, Irvine, CA) with a
wavelength of 632.8 nm is used as the probe beam. A high-speed ferroelectric liquid crystal
shutter (Displaytech Inc., Boulder CO) with a 50 ps rise time was used in cases where
significant temperature changes in the target might result from the focused HeNe probe beam
(shown in Figure 2.1). A solution to the heat conduction equation showed that the shutter rise
time is sufficiently fast to render any heating due to the HeNe probe beam negligible [45]" . For
most of the data presented in the thesis, the effective absorption coefficient of the HeNc

radiatior was so low that heating was negligible even without the shutter system.

An acousto-optical modulator (IntraAction Corp., Bellwood, IL) is used to deflect a
portion of the bearn and impart a 110 MHz frequency shift to that portion. The undeflected and
unshifted portion of the beam travels unimpeded through the polarized beamsplitter cube due to
its polarization state and is confocally imaged onto the target surface by a 125 ram focal length
lens (focused spot diameter ~100 pm). This portion of the beam could also be termed the
sample arm since it interacts with the sample. The index of refraction mismatch between air and
the water based target provide for sufficient reflected signal. When necessary, the beam is
expanded before focusing by a 10x beam expander (Melles Griot). The beam expander
increased the numerical aperture in order to capture more signal reflected from diffuse surfaces
(such as porcine dermis). It also results in a smaller focused spot diameter (~15 pum) on the

sample which can be useful when the irradiated zone of the target is small.

* The reader should note the presence of a typo in Eq. (32) of reference [45]. An extra number "2" appears under
the radical sign in the denominator of the 2nd term in the equation.
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Figure 2.1: Interferometer schematic
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The unshifted beam passes through the quarter wave plate twice; once on its way to the
target surface and again on its way back from the target surface. This rotates the polarization of
the beam by 90 degrees such that the beam is reflected rather than transmitted by the polarized
beamsplitter cube on the second encounter. After reflection by the cube, the unshifted beam
passes through a half wave plate that matches its polarization state with that of the frequency
shifted beam. The unshifted beam may also be termed the reference arm since the interferometer
essentially compares the phase of the sample arm to the phase of the reference arm. The sample
arm optical path length is aligned to be nearly equal to the reference arm optical path in order to
preserve temporal coherence between the laser beams in each arm. The two beams are mixed
together at a non-polarized beamsplitter cube and the resulting signal is measured by a high
speed (250 MHz) avalanche photodiode (EG&G, Quebec, Canada).

When the target remains stationary the APD detects interference fringes at the AOM
modulation frequency of 110 MHz (Figure 2.2). Due to the Doppler effect, any target surface
velocity in the direction of the probe beam results in a corresponding perturbation of the
frequency of the fringes. In other words, the instantaneous position of the target surface is

determined from the amount of phase shift incurred at the photodiode. The polarity of the phase
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shift depends on the direction of the target displacement. Thus the target displacement can be
determined by detecting the phase of the photodiode signal.
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Figure 2.2: Interference fringes detected by avalanche photodiode

The signal measured by the photodiode is digitally sampled by a 500 MHz bandwidth
oscilloscope (Tektronix, Wilsonville, OR) and processed on a personal computer (Apple
Computer, Cupertino, CA). Refer to Figure 2.3 for a schematic of the algorithm used to create
the displacement trace. The electrical signal driving the AOM is simultaneously acquired by the
oscilloscope and serves as a phase reference signal. A program written in the LabVIEW
environment (National Instruments, Austin, TX) is used to implement the algorithm depicted in
Figure 2.3. To Suppress noise, a band bass filter centered on the 110 MHz carrier is applied to
the raw APD signal such that frequencies between 30 and 190 MHz are passed unaltered while
frequencies outside this band are removed. The Hilbert transform is applied to both the filtered
APD signal and the AOM driving signal to detect the phase of both as a function of time. The
phase difference between the two signals is converted into displacement information. The
constant of proportionality between the phase difference and the surface displacement is

50.36 nm/radian since a surface displacement of one wavelength (632.8 nm) corresponds to a
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optical path length difference of two wavelengths (47 radians).

Raw signal
acquired by
scope from

APD

Filtered
signal

Hilbert
transform

| Phase signal

Bandpass filter
(30-190 MHz

Displacement trace

Path length difference

given by 50.36 nm/rad I
times phase difference

AOM drive signal
acquired by scope
(110 MHz)

Phase signal
,|4

Figure 2.3: Schematic of algorithm employed to generate surface displacement traces

2.4 Interferometer Capabilities

Due to the high numerical aperture confocal imaging design, this interferometer can be
used to monitor the motion of a diffuse surface in contrast to the instrument documented by
Albagli et al [3, 79] which is restricted to specular tissue surfaces. However, diffuse surfaces
return less of the incident HeNe beam into the collection optics than specularly reflecting targets,
thus limiting spatial accuracy to several nanometers. The probe spot size employed here is
several times smaller than Albagli et al (~15 pm versus ~50 um) [3, 79] leading to a more

localized measurement of surface displacement. This permits an assessment of the two-
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dimensional surface displacement field with higher lateral resolution.

A sample displacement trace obtained for Q-switched (Q-sw) Er:YSGG laser irradiation
of porcine dermis is presented in Figure 2.4. In general porcine dermis is not optically smooth
and thus is a diffuse reflecting surface. Figure 2.4 clearly shows that nm scale accuracy is

achievable with this interferometer system on such diffuse surfaces.
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Figure 2.4: Surface displacement of porcine dermis exposed to 2.79 pm Q-sw Er:YSGG laser radiation

There is a trade off between the rise time of the instrument and the amount of noise
present in the signal. The best compromise was found to occur when using a 30-190 MHz
band pass filter on the raw APD signal which resulted in a 4 ns rise time. Even in the absence
of any noise, the shoriest possible rise time for the system described here is about 3 ns and is
limited by the modulation frequency of the AOM (in this case 110 MHz). Higher modulation
frequencies and higher detector bandwidths can theoretically yield shorter rise times (down to a

single nanosecond) than those achieved by the system documented here.

For specularly reflecting targets, the best accuracy achieved to date with our

interferometer is £0.9 nm. This compares favorably with a theoretical accuracy of +£0.32 nm
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which is limited by the analog to digital converter (A/D) in the oscilloscope. The nominal
resolution of the A/D converter in the scope is 8 bits (256 levels of signal) but at high
bandwidths the effective number of useful digitizer bits falls to about 7 and moreover the full
digitizer scale is not usually employed. Thus in some cases, as few as 64 levels of signal are
available for digitizing the raw signal output of the APD. This discretization of the analog APD
signal results in a displacement uncertainty of £0.32 nm. Consequently, even if all sources of
noise and non-linearity were eliminated from the interferometer system, the accuracy could only
improve by a factor of 3. Obviously, more sophisticated oscilloscopes can achieve higher

resolution in their A/D converters at high bandwidths, and can thus yield even better precision.

As noted earlier, one significant disadvantage of interferometry is that material removed
during ablation may interfere with the interferometer signal. If material is removed in very small
fragments, for example through evaporation, the HeNe probe beam may successfully track
surface motion. However, explosive ablation events, such as those occurring during pulsed
CO, irradiation of tissue, will generally produce larger fragments of debris that will scatter the
HeNe probe beam. To some extent, the size of ejected material fragments and their time of
ejection could be inferred from their effect upon the interferometer probe beam.

One limitation of traditional interferometry is that only surface displacement of the tissue
may be tracked. Our interferometer effectively incorporates a confocal microscope to image the
target surface. This suggests that with some modifications, imaging an optical scatterer below
the tissue surface should be possible. Thus the motion of an interior oint as well as a point on
the surface can be tracked. The signal would be weaker in such a case and spatial resolution is
expected to suffer.

Figure 2.5 demonstrates the capability of the interferometer to function as an imaging
tool. Several displacement traces were acquired at different positions on the surface of a gelatin
sample during repeated Q-sw Er:YSGG laser pulses. The traces obtained for the different
pulses were combined to yield a three dimensional surface map of the gelatin surface motion.

Note that the individual displacement traces were obtained on a radial line and since the laser
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pulse was known to be radially symmetric, the surface displacement was also assumed to be
radially symmetric, so the plot was generated by spinning the position data about the laser's axis
of symmetry. There is no reason why a map of the surface displacement could not be generated

from a Cartesian grid of large number of traces.

Target surface before frradiation Target surface 20 ps after irradiation

Legend (rzn)
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Figure 2.5: Three-dimensional time-resolved surface contours of a gelatin target exposed to a single near-threshold
pulse from a Q-sw Er:YSGG laser at 2.79 pm

2.5 Conclusions and Future Directions in Instrumentation

Interferometry is an excellent technique for directly obtaining time-resolved information

about the thermo-mechanical effects of pulsed laser irradiation of biological tissue. For this
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thesis, a modified Mach-Zehnder interferometer capable of nanometer spatial accuracy and
nanosecond temporal resolution was designed and built to study the photothermal effects of
pulsed laser irradiation of biological tissue. This interferometer has the advantages of extremely
high bandwidth, the ability to monitor both diffuse and specular surfaces, and epitaxial design.

Advances in photonics technology will permit even more accurate and higher bandwidth
surface displacement measurement systems. It appears, however, that in many cases, the
bandwidth and accuracy of the instrumentation is not the primary impediment towards a better
understanding of laser imradiation of biological tissue. Rather, the interpretation of the
displacement traces and suitable models for the tissue's response to pulsed laser irradiation
represent the most important frontiers of research.

In the next chapter, we will describe a new technique for extracting useful information
about the optical properties of biological tissue which employs this interferometer system. In
theory, the interferometer system presented here could be implemented in optical fibers and
passed through an endoscope or laparoscope in crder to make similar measurements in vivo in a
minimally-invasive manner. Future studies may show that the research tool presented here has

a role as a clinical diagnostic tool.
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Chapter 3
Interferometric Photothermal Spectroscopy

(APTS)

3.1 Introduction

In this chapter we demonstrate how the interferometer instrumentation described in
Chapter 2 may be used in conjunction with an analytical model to estimate the absorption
coefficient u, of a biological sample in a minimally-invasive manner. This technique is termed
IPTS for Interferometric Photothermal Spectroscopy since it employs the interferometer to
measure the surface displacement of a sample heated by a pump laser pulse (distinct from the
interferometer probe laser). This technique is not meant to replace traditional techniques for
measuring g, such as transmission spectroscopy, but rather to complement it and to permit
measurements of £, that might otherwise be impossible.

Since the interferometer tracks the motion of a surface in an epitaxial manner, accessing
the surface from one side only, the method may be readily employed on living tissue. There is
no reason why the interferometer cannot be implemented using an optical fiber passed through
an endoscope or laparoscope to make measurements of y, deep inside a living patient. Such
measurements could be of diagnostic value as they could conceivably gauge the physiologic
state of a tissue when probed at several wavelengths. Specific examples of tissue characteristics
that could be related to a measurement of u, at a specific wavelength include the blood oxygen
saturation or the concentration of a photoactive agent employed for PDT (photodynamic

therapy).

39



IPTS may also prove to be useful for NDE (non-destructive evaluation) of thin films or
laminates. The optical properties of thin film semiconductor coatings may be readily assessed
with this technique. Alternatively, if the effective absorption coefficient of the material is welil
known, the same equipment and modeling employed for IPTS can be used to obtain the
thermophysical properties of the material.

To describe the IPT5 technique, it is useful to explain the meaning of thermal and
mechanical energy confinement for laser irradiation of tissue. The laser irradiation is assumed
to be one dimensional which means that the transverse dimension of the laser beam is much
larger than the effective absorption depth. A laser pulse is termed thermally confined if the
thermal energy deposited by the laser irradiation does not have time to diffuse away during the
laser puise. This is true when:

D>>,/at, 3.1

where D is the characteristic penetration depth of the laser heating, a is the thermal diffusivity of
the irradiated material, and 7, is the laser pulse duration. Note that D is the inverse of p, (so
D=1/u,). Both terms are employed to characterize the absorption behavior of a laser pulse in
this work since the physical meaning of an equation can often be made more transparent by
employing one form versus the other. In the case that scattering is not negligible relative to
absorption, one can define an effective absorption coefficient (and an effective penetration
depth) which incorporate the effects of scattering [10]. Since the IPTS technique relies upon
absorption of the laser radiation, it measures these effective quantities.

An analogous situation exists for the mechanical energy resulting from the laser pulse.
A laser pulse is termed mechanically confined if the mechanical energy manifested in the thermal
stress field created by the laser irradiation does not have time to equilibrate during the laser
pulse. This situation has also been termed inertial confinement in the literature because another
way of describing it is that the inertia of the irradiated tissue prevents it from thermally
expanding on the timescale of the laser pulse. Mathematically, a laser pulse is inertially

confined when the following relation holds:
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D>>cx, 3-2)

where c, is the acoustic wave velocity in the irradiated material. In tissue the acoustic wave
velocity is larger than the velocity of thermal energy so that if a laser pulse is mechanically
confined it is also thermally confined.

The thermal diffusion behavior of the irradiated target can be used to estimate u, by
performing IPTS. To perform IPTS, a tissue target, a pump laser at the wavelength of interest,
and an interferometer system like the one presented in the previous chapter is required. The
pump laser pulse energy is required to be thermally confined but it may or may not be
mechanically confined. The laser pulse will impart thermal energy to the tissue which will
experience a degree of thermal expansion such that the tissue surface will move upwards.
Subsequent thermal diffusion below the surface will lead to further surface motion provided that
either the density of the material is non-linear with temperature or a certain amount of energy is
permitted to escape through the target surface (which can occur if a transparent conducting
material is placed above the target). This surface displacement due to thermal diffusion can be
used to obtain information about D and hence u,. The IPTS procedure is depicted in Figure

KN

41



Surface _
Displacement Transparent medium

S Temperatu:e
profile

100 ns to 50 ps
interval

7/ New
temperature
profile

1) Laser energy is completely dcposilctj [2) Thermal diffusion results in

in tissue before any thermal diffusion detectable surface displacement
occurs, although thermal stresses are whose timescale and magnitude
permitted to equilibrate vields effective penetration depth

Figure 3.1: Schematic of IPTS

In practice, the range over which D can be measured by IPTS on a tissue target is
limited. IPTS will only be effective when D>~100nm: since for smaller penetration depths, the
theieal relaxation is too weak to track (<1 nm). Morecver, as the heated volume gets thinner
and thinner, Fourier's law ceases to be valid and microscale heat transfer must be considered.
IPTS will only be effective for D<~10 pm, since for larger penetration depths, the thermal
relaxation requires so much time that ambient acoustic surface waves on the sample will corrupt
the signal.

Interferometric Photomechanical Spectroscopy (IPMS) is an analogous technique
whereby an interferometer is used to measure the surface displacement of a target irradiated by a
mechanically confined laser pulse. In this situation, the initial surface motion in response to the
irradiation represents the equilibration of the thermal stresses. The timescale of this surface
motion is governed by the acoustic wave velocity c,, and the depth of penetration of the heating
laser pulse D. A schematic diagram of IPMS is depicted in Figure 3.2. This method for
deducing D and hence y, was first noted by Albagli and co-workers [2, 4, 33] although it was

not termed IPMS, nor was it employed to measure an unknown £,
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Figure 3.2: Schematic of IPMS

The range of D for which the IPMS technique can be used with a tissue target is about
10 um to 10 mm. Since most tissues are primarily water and have similar acoustic wave
velocities (~1500 m/s) and also because the rise time of an interferometer will in general be
larger than a nanosecond, it is difficult to use IPMS to measure D for D<~10um. Moreover,
ambient acoustic surface waves on the target tissue surface will corrupt the interferometer signal
when D is large enough to require : - ag duration interferometer trace. For this reason, 1~ mm
is viewed as a practical upper limit on D for IPMS.

The two techniques are rather complementary to each other in terms of when they are
applicable as demonstrated in the parameter map of Figure 3.3 where the combinations of 7, and
D suitable for IPTS and IPMS are indicated. The decision of whether to perform IPTS or IPMS
depends on the laser pulse parameters and the tissue properties. In addition, the effect of the
pumping laser pulse on the tissue may be important. In some situations, IPTS may require
enough thermal energy to thermally damage the tissue. In other situations, IPMS may cause
damaging acoustic waves in the tissue. These issues must be carefully considered when

employing these interferometric spectroscopic techniques.
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Figure 3.3: Parameter map illustrating the two regimes for IPTS and IPMS and loci of selected applications

In this thesis we will restrict our attention to a derivation and a demonstration of the
IPTS technique on tissue phantoms and in vitro tissue samples. First we will present a formal
derivation of the model employed to estimate y, from the interferometer displacement trace.
Following this, the validity and effectiveness of the IPTS technique will be evaluaied for a well
controlled test situation: a sample of pure water, acting as a tissue phantom. Armed with a
verification of the technique, IPTS will be used to estimate 1, for 193 nm laser irradiation of
bovine comea. The effective absorption depth of 193 nm radiation is important for the
understanding the dynamics of 193 nm comea ablation which occurs during laser
photorefractive keratectomy (PRK). PRK is a widely performed clinical procedure for surgical
eyesight correction. In addition, it has proven to be very difficult to measure this absorption
behavior by conventional means such as transmission spectroscopy so widely disparate values

for p1, have been quoted in the literature [19, 20, 62, 64, 68, 88, 89].



3.2 Modeling

In this section, a derivation of the thermal model employed for p, estimation will be
presented. We shall begin with a derivation of the temperature field in the irradiated sample.
Following this will be a discussion of how the thermal field influences the target surface

displacement.

3.2.1 The Thermal Field

The target material (i.e. tissue) is termed material 1 and is modeled as a semi-infinite
body with the coordinate z, as indicated in Figure 3.4. Coupled to it is another semi-infinite
body (i.e. air, saran, or glass) termed material 2, largely transparent to the incident laser

radiation.

semi-infinite
material transparent
to irradiation
(material 2)

laser
radiation

semi-infinite
target material
(material 1)

VZO

Figure 3.4: Diagram of geometry for derivation of thermal model

Initially the temperature and density of the target material are constant and defined as 7, and p,
respectively. A laser pulse of short duration heats the target material. For linear absorption,
this heating profile is exponentially decaying in z, with a decay constant of D in length units or
4, in inverse length units. The heating will be one dimensional (purely a function of z;)

providing D<<w where w is the characteristic transverse width of the heating laser. Due to the
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energy imparted by the laser pulse, the temperature field assumes a spatial and temporal
dependence, denoted by T(z,,f). At this time, we ignore any energy absorption and resulting
expansion in the upper semi-infinite body. Note that because the energy is fundamentally
deposited on a mass basis rather than spatial basis, it is appropriate to use the original coordinate
z, as the independent vanable to describe T despite any dilatations of the target material that may

have occurred.

In Appendix A we derive the following expression for the net thermal expansion of the
target material assuming the thermal stresses have equilibrated, material 1 is incompressible

(v=0.5), and all of the expansion occurs in the z, direction due to the one dimensional heating:

{) = Po__ 114z 33
Az(1) | (p[T(ZOJ)] l)do 3.3)

where Az(?) is the net thermal expansion of the target material. Note that we have not
established precisely where the net expansion occurs, for it may not be manifested as a

displacement of the interface between the two materials. We shall address this issue below.

The temperature dependence of p is in general not known for tissue but is well
characterized for water, the main constituent of soft tissue. In many cases, the water content of
soft tissue is high enough that the thermophysical properties of pure water may be a sufficient
approximation to those of tissue. Eq. (3.4) is a very acc;uatc representation of the temperature
dependence of the density of liquid water adapted from [109] where p, ., is given in kg/m* and
T is assumed to be in °C. It is valid for water from 0° C to 150° C at 1 atmosphere of pressure

(between 100° C and 150° C the water is in a metastable state).

)= 999.8 + 16.95T — 7.987 x 107°T* = 46.17 x 10°°T* + 105.6 x 10"°T" — 280.5 x 10~ "T*
Praed 1= 1+1688x 10°T

3.9)

To evaluate Eq. (3.3) it is necessary to determine the temperature field as a function of
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time and space in the heated target, T(z,,f). The temperature field in both semi-infinite bodies is
governed by the heat conduction equation. Other energy transport modes such as convection
and radiation are assumed to be negligible. Convection may be ignored in this model due to the
very short timescales (<10us), the very small length scale for D (<10pum), and the symmetry of
the problem. Moreover, the structural matrix of tissue is likely to suppress any bulk flow.
Radiation may be ignored since we assume that the spatial scale of the heating is less than the
thermal emission wavelength (D<<A,,,,...) and so the heated target is in the "thin optical limit"

where thermal emission is surpressed [86].

Material 1 has a temperature field 7, and is assumed to have a constant thermal
conductivity k, and a constant thermal diffusivity &,. Likewise, material 2 has a temperature
field 7, and is assumed to have constant thermal conductivity &, and thermal diffusivity a,. No
heat source is assumed for this solution; rather the laser irradiation is modeled as an initial
temperature distribution in the lower target material. This will yield a valid solution for r>7,
providing the laser energy is thermally confined, i.e. D<<\/a, 7, such that negligible conduction
occurs during the laser pulse. The coordinate z, will now be denoted by z which reflects the
fact that although there has been a dilatation of material 1, we assume that it does not

significantly affect the evolution of the thermal field.

The problem may be formally posed in terms of the governing equations and their
associated boundary conditions. To simplify the derivation, let 6 be the temperature with
respect to the ambient temperature T, so that T=6+T,. Given the one dimensional nature of the
problem the conduction equation for both materials may be written:

00, ot 9’6, 06, o 9°0,
ot~ ' oz at ~ ozt (3.5)

The boundary conditions are:

30,(z=0s) 36,z =0,)
6,{2=01)=0,z=01) kg =k—g— 6(z==u)=0 Bfz=-wu)=0

3.6)
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Finally, the initial condition is the energy exponentially deposited by the laser pulse in
material 1.

= M
9 1=0 polcpl 3.7

where ¢, is the fluence incident on the surface of material 1 and c,, is the isobaric specific heat
of material 1.

Eq. (3.5) may be solved with the boundary conditions of Eq. (3.6) and the initial
conditions of Eq. (3.7) by the method of Laplace transforms to yield the solution for both

regions.
ky=y/ oLk
Ko Zay| a-ngs _ €77 Z _l_—_a;_i
0, ' =poC Pleu Me* 3 erfc(Zv’a_,t yﬂ/a,t) \.rfc(z\/_ +u/a, ) s alk
2
2
|
3.8)
_ k, [ wday -ng/ gt
0,= P %, Po_.Cp."nc(Z G +u/a, ) ( )
 + a, “2 3.9)

Eq. (3.8) describes the temperature field in material 1 which determines p in Eq. (3.3) with the
aid of Eq. (3.4) thus permitting Az to be calculated. These solutions were verified with the aid
of a finite element method (FEM) software package (MATLAB, The Mathworks, Natick, MA).

Some sample temperature profiles obtained from Egs. (3.8-9) are depicted in Figure 3.5.
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Figure 3.5: Eqs. (3.8-9) plotted for a 650 J/m? pulse energy with £1,=460,900 1/m. Material
1 is water, material 2 is air, and ambient temperature is 20° C.

3.2.2 Surface Displacement

The interferometer is only capable of monitoring the displacement of an interface and
proper modeling of this motion requires the consideration of some aspects of acoustic wave
propagation. The relative values for the acoustic impedance, Z, of materials 1 and 2 will
determine the displacement of the interface. The acoustic impedance of a substance is a material

property given by

Z=pc, (3.10)

where c, is the sonic velocity in the material. If Z,>>Z,, the interface behaves like a traction
free boundary and material 2 will offer negligible resistance to material 1 when it thermally
expands (39]. Thus the entire thermal expansion predicted by Eq. (3.3) will be manifested as

an upward displacement of the interface. This behavior occurs for water or tissue expanding
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into air (Z,,,,=1.49 x 10° kg/m’s, Z =393 kg/m’s).

In certain situations, as we shall see in the next chapter, a barrier is required to suppress
the vaporization of material 1 that results from its rapid heating. This impermeable barrier is
chosen to be transparent to the incident laser pulse and aiso to be acoustically thin which implies
that it will not impede the expansion of material 1. A layer is acoustically thin if it is much
thinner than the acoustic wavelength in question, i.e. b<A /2, where b is the thickness of the
layer and A, is the acoustic wavelength of the event (in this case the thermal expansion). If the
laser pulse is not mechanically confined (D<c,7,) the acoustic wavelength associated with the
laser pulse is given by:

N, =T,C, (3.11)

where c, is the sonic velocity in the thin layer.

Another way of describing an acoustically thin layer is that the timescale of the acoustic
event (7, in this case) is long enough to permit the acoustic signal to accomplish a round trip
within the thin layer. Thus, the mechanical stress within the thin layer is allowed to equilibrate
during the laser pulse and remains essentially uniform throughout its thickness. This situation

is depicted in Figure 3.6.

semi-infinite material laser

transparent to radiation
irradiation (air)
acoustically thin layer (saran) b 0 transparent to laser radiation

semi-infinite target
material (tissue)

Figure 3.6: Illustration of an acoustically thin layer
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If the acoustic impedance of the material above the acoustically thin layer is very small
then both interfaces in Figure 3.6 will shift upward by the amount Az predicted by Eq. (3.3)
when the thermal stresses equilibrate (assuming that the thin layer does not undergo any laser
heating or any thermal expansion). Consequently, one may measure Az by measuring the
displacement at either interface, and it is worth noting that the interface between air and the
acoustically thin layer is usually the easiest interface to monitor due to the fact that it usually has
the largest optical reflectivity. According to our convention, Az is positive for upward surface
displacement, consequently if the interface moves in the positive z direction (downward), Az
will be negative.

An acoustically thin layer used in the experiments described in this thesis to block
vaporization of water during Q-sw Er:YSGG laser irradiation was a 12.7 pum thick sheet of
saran polymer. In previous experiments we confirmed that the saran film absorbs a negligible
amount of the 2.79 pm radiation. For this case, a

D~2.1 pm [17, 99], c,,.....~1500 m/s, c

a,water

‘water

=1.46x107 m?/s, b=12.7 pm, 7,=50 ns,
wsaran~292 /s (calculated based on secant modulus
[16]). From these parameters it is easy to show that the laser pulse energy is not mechanically
confined but is thermally confined within the water substrate. One can also show that
(A1,/2)~15 pm > b so indeed the saran membrane is acoustically thin and will not impede the
expansion of the water.

For sufficiently short timescales immediately after the laser pulse (t<<b’c,,,), the thin
saran film will have the thermal characteristics of a semi-infinite body since the thermal energy
imparted by the laser to the water substrate will not have had enough time to traverse the saran

film. In that case, the thermal field in the pure water substrate will be described by Eq. (3.8)
while the thermal field in the saran layer will be described by Eq. (3.9).

Figurc 3.7 depicts Az(t) for Q-sw Er:YSGG laser irradiation of a water substrate
covered with a 12.7 um saran film at different radiant exposures and values of u,. The
combinations of ¢, and i, were chosen so that the initial surface displacement would be the

same. The initial water surface temperatures predicted by the model were 106" C, 72° C, and
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51° C for the 535 J/m?, 650 J/m?, and 756 J/m’ traces respectively. It is readily apparent from
the figure that given the same initial surface displacement, the temporal decay of Az is sensitive
to f1, so that a careful measurement of the surface displacement can be used to estimate y,. This
observation comes as no surprise since the time required for heat to diffuse out of a volume
scales with the square of its thickness, consequently a relatively small variation in 4, is expected
to result in a relatively large variation in the relaxation time. Moreover one need not accurately
measure the fluence imparted by the laser sirce the initial expansion may be used to estimate this
quantity. Thus, this can serve as a fluence independent technique for estimating 1., providing

the thermophysical properties of the system are known to sufficient accuracy.

60 T T T ; T g T T T

Az (nm)
3

b TU. S R e —_— e e _______ _
: S ¢g=535 J/m2, $1,=921,800 1/m
10k ........ ..... _ ¢0=650]/m2.pa=460,9001/m--
: | | - ¢g=765 Vim2, 11,=230,450 1/m

0 H 1 1 1 1 1 1 L

0 1 2 3 4 5 6 7 8 9 10
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Figure 3.7: Az(t) calculated for Q-sw Er:YSGG laser irradiation of water covered by an acoustically thin saran
film. Note the sensitivity to u, for a fixed initial Az.

It is also important to recognize that Eqs. (3.3-4,8-9) are extremely non-linear so that it

would appear to be impossible to invert these equations to yield a model that will explicitly
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provide u, given a surface displacement trace measured by the interferometer. The alternative is
to execute a non-linear parameter fitting algorithm, such as the Levenberg-Marquardt method, to
estimate both the fluence, ¢,, and the effective absorption coefficient, ,, given a measured
displacement trace.

If u, is well characterized, then the model derived here can be combined with measured
displacement traces to measure other thermophysical properties appearing in the derivation. For
example, if a,, the thermal diffusivity of the target material, is desired, one can use a
Levenberg-Marquardt fitting algorithm to find the value that yields a best fit between the model

and the data.

3.3 Verification ef Technique: Q-sw Er:YSGG Laser Irradiation of
Water

3.3.1 Overview

To test the validity of the model presented in the previous section, the behavior of pure
water irradiated by a 2.79 um Q-sw Er:YSGG laser was investigated experimentally. The
2.79 pm wavelength Q-sw laser was deliberately chosen for several reasons. Firstly, the
model requires that the target material must exhibit linear absorption of the heating laser energy
(to create an exponentially decaying energy deposition profile). Previous investigators have
documented the fact that pure water is a linear absorber of this wavelength providing the
volumetric energy density imparted to the water is well below 3000 kJ/m’ [99, 101]. Secondly,
to employ the model the laser pulse must be thermally confined which is achieved for this laser
system since 7,~50 ns (FWHM) and D~2.1 pm>>88nm=v [0 S

For these experiments, an acoustically thin impermeable barrier was required to prevent
sub-threshold vaporization of the water as discussed in the next chapter. Ordinary saran wrap
was found to be a suitable barrier as it is highly impervious to water [16] and is acoustically

thin. It is interesting to note that other workers have employed a plastic film to inhibit
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evaporation from laser irradiated tissue samples, although these experiments involved

continuous wave (cw) irradiation [93].

3.3.2 Experiment Design

Samples of pure, deionized, triple distilled water were prepared in 7 ml scintillation vials
(Fisher Scientific) and were covered with saran film (Dow Brands). The saran film was heat
sealed onto the water samples with a standard heat gun in order to ensure a wrinkle free, taut
film. The saran was previously determined to absorb <5% of the incident 2.79 pm radiation by
employing an energy meter to measure the fluence of a laser pulse both before and after
traversing a single layer of the film. A Schwartz SEO 1-2-3 laser system with an Er:YSGG rod
was Q-switched with a mechanical rotating rear cavity mirror. A diagram of the set up and

geometry is presented in Figs. 3.8-9.

Interferometer
system

Interferometer
probe beam

Q-sw Er:YSGQG laser

1 12.7 pm heat
attenuators /sealed saran fiim

7 m scintillation vial
containing pure water

Figure 3.8: Schematic of experimental set up for Q-sw Er:YSGG irradiation of saran covered water samples

The interferometer probe beam was confccally imaged onto the saran-air interface with a
125 mm focal length lens at normal incidence. Since the HeNe beam entering the lens was

collimated and 10 mm across, the focal spot was about 15 pm across. The depth of focus of the

54



focused HeNe beam was about 700 um in total. The interferometer beam remained fixed during
the experiment and due to the very short depth of focus, defined a fixed zone in space where
data was acquired. The heating of the water by the HeNe probe beam was negligible due to the

small absorption and scattering of water and saran film at 632.8 nm.

4 - 4mm—>

Q-sw Er:YSGG HeNe probe beam
2.79 pym pump from interferometer
laser

~15pum
focused HeNe
beam diameter

* Air ﬁé'

saran film

12.7 pm

~2.1 um effective abscrption d
= DTS

£

Figure 3.9: Expanded view of Er:YSGG irradiation of saran covered water samples

The Er:YSGG pump laser beam was inclined at a 14° angle (in the air above) to the
HeNe probe beam in order to permit the HeNe probe to approach the saran-water systemn at
normal incidence from the top side. The index of refraction of pure water at 2.79 fim is 1.315
[17] so within the pure water the laser radiation propagates at 10.6° to the vertical. Thus, the
measured effective absorption depth of the 2.79 pm radiation was about 0.98 (given by

c0s(10.6%)) of its actual value. g, for 2.79 pm radiation in water is quoted as 460,900 1/m
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(D=2.17 pm) in [17] and 516,000 1/m (D=1.94 pm) in [99].

The Er:YSGG laser system delivered 25 mJ pulses with a duration of 50 ns (FWHM) at
a repetition rate of about 1 Hz with a transverse beam diameter of about 4 mm. The beam was
aligned to be concentric with the interferometer probe beam on the saran film surface with the
aid of gold mirrors. Unfortunately, the mechanical Q-switching mechanism employed in the
Er:YSGG laser resulted in significant shot to shot variations in both spatial mode shape and
pulse energy. Since a laser beam analyzer was not available, it was not possible to accurately
measure the local laser fluence deposited in the region of the interferometer probe beam. This
ambiguity was not < :en to be a significant disadvantage since the model presented in the
preceding section cin be used to estimate 1, in a fluence independent manner. Approximate
variations in local fluence were accomplished by placing IR quartz attenuators in the path of the

Er:YSGQG laser.

3.3.3 Results

At the interferometer probe beam wavelength (632.8 nm) the index of refraction
mismatch between the saran (n=1.6) and air (n=1) resulted in a reflectivity of 5.3% while the
index mismatch between the saran film and the water (n=1.33) resulted in a reflectivity of 2%.
Thus the interferometer signal was reflected primarily from the saran-air interface.

As the water substrate cools, it transferred its thermal energy to the saran. The saran
thermally expands (a;,,,,.=1.9x10* K''), although to a lesser extent than the water, whose
thermal expansion coefficient is strongly temperature dependent over the range 20° C - 100° C
(04 0=2.1-7.5x10* K™). Since the interferometer was actually measuring the displacement of
the saran-air interface, this effect was accounted for when calculating the predicted Az(f). The
thermal expansion of the saran, Az, (f), was added to Az(r) as given by Eq. (3.3). Az, (1)
was given by

Qruersara ) Eq.(3.12)

p mmnc pasaran

AZ (1) = @

where Q, ..., _,.....() represents the total thermal energy conducted from the water to the saran
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(the heating of the saran by the laser pulse was neglected due to the weak absorption of 2.79 um

radiation by saran). If the laser pulse is assumed to begin at time =0 then 0, .., , .4,..(D) 1S given

by:
d ' aem,,,,(z =0,‘L')
Qrersoral ) = K™ ——dT (3.13)
0
In general, Az, (f) amounted to less than 10% of the net surface displacement.

Three sample data traces are presented in Figure 3.10. As discussed above, the exact
laser fluence for each trace was unknown. Notice that for increasing initial Az, the amount of
relaxation in Az during the 10 ps trace increases. This can be explained by the non-linear
thermal expansion of water (i.e. the thermal expansion coefficient of water increases with
increasing temperature). For a fixed amount of energy conducted from the water into the saran
film above it, a higher initial temperature field results in a larger downward surface

displacement.
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Figure 3.10: Sample interferometer traces obtained for Q-sw Er:YSGG laser irradiation of saran covered water
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Note the presence of nanometer scale microsecond duration ripples in the traces. These ripples
are presumably due to acoustic waves on the surface of the sample and may be a function of the
smoothness of the laser transverse beam profile and the tautness of the saran film. It was
observed that a gaussian transverse beam profile yielded small ripples (like the ones depicted
here) while an irregular transverse beam profile yielded ripples large enough to obscure the
displacement relaxation.

A Levenberg-Marquardt non-linear fiting algorithm (MATLAB, The Mathworks,
Natick, MA) was employed to fit the model to fourteen data traces by determining the best value
for 1, and ¢. This procedure was performed separately for each data trace and thus 14 sets of
M, and ¢ were obtained. The chi-squared statistic was used to estimate the goodness-of-fit of
the model for each trace and based on this, several data traces were rejected [67]. From the
remaining values of 4, a single K, was computed based on the weighted average of the set of u,
values. The weighting for each value was based on the goodness of fit between the model and
the data. Specifically, the inverse of the residuals was employed to weight each y, value. In
this way, u, was estimated to be 520,000 1/m with a weighted standard deviation of
50,000 1/m (or 9% of the mean value). If we assume that the estimated values for ), are
normally distributed, then the 5%-95% confidence interval on p, is approximately 440,000-
600,000 1/m. The expected range of i, based on published water spectra is 460,900-516,000
1/m [17, 997 and this range of values lies well within the 5%-95% confidence interval.

A sample data trace is directly compared with three traces predicted by the modei for
three different combinations of 1, and @, in Figure 3.11. For the sample data trace shown, the
best fit parameter set was found to be $,=956 J/m’ and 11,=495,000 i/m. Note that fitting was
performed for the range over which the surface ripples were smallest, from 1.5 ps to 9.5 us
after the laser pulse ended. For comparison purposes, note that at =5 s, the model predicted
the saran-water interface temperatures to be 67° C, 73° C, and 79° C for the 1015 J/m?

956 J/m?, and 923 J/m? traces respectively.
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Figure 3.11: Comparison between measured surface displacement and predicted Az for 3

different combinations of i, and @. The best fit set of parameters for this measured data trace
was found to be ¢,=956 J/m? and 1,=495,000 1/m.

3.4 ArF Excimer Irradiation of Bovine Cornea

3.4.1 Overview

The goal for the pilot study was to measure the absorption coefficient, u,, of 193 nm

radiation in cornea because the 193 nm wavelength ArF excimer pulsed laser is clinically used
for surgical eyesight correction. The actual effective penetration depth of this radiation in cornea
remains poorly understood as widely disparate values have been quoted in the literature [19, 20,
62, 64, 68, 88, 89]. This u, may in fact depend on corneal hydration state and on the local
energy density so that the laser energy is not deposited according to an exponential temperature

profile [19, 20, 64, 89]. Understanding this g, is critical for understanding and modeling the

dynamics of ArF excimer corneal laser ablation.
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The cornea is a transparent structure serving as the outer covering for the front of the
eye. It is approximately 600 pum thick in humans and consists of several layers. The cornea
provides most of the refractive power responsible for focusing an image on the retina. The -
middle layer of the cornea, the stroma, comprises the majority of its mass (>90%) and is
responsible for its structural integrity. Since PRK is primarily concerned with abiation of the
stroma, the goal of this experiment was to measure y, for corneal stroma. The stroma is
approximately 78% water by mass and the balance proteins and other chemicals. Collagen is
the main protein in the stroma, comprising about 15% of its mass. Fibers of collagen are
organized into sheet-like lamellae, approximately 2 um thick. Within the lameilae, the fibers all
point in the same direction and the lamellae are stacked atop each other with fibers orientated at
right angles to the fibers in the neighboring lamellae. This regular structure is thought to
contribute to the transparent nature of the comea [46, 72].

At 193 nm, p, for water is approximately 1 m™" [89]. It is thought that the collagen in
the corneal stroma serves as the primary absorber of the 193 nm radiation, although some
authors have conjectured that the water becomes a strong absorber of the 193 nm radiation once
it is heated by the absorbing collagen [89]. In addition, experiments have shown that the
hydration state of the cornea has a significant impact on its absorption characteristics at 193 nm,
and that the absorption has a time varying behavior [19, 20, 64].

The study was performed on bovine cornea in vitro in an effort to minimize the dangers
and complexity of the experiment, although there is no fundamental reason why the
experimental study presented here could not be performed on human comea in vivo. There are
some minor differences between the structure of bovine cornea and human cornea. However,
these differences are not thought to affect the ablation dynamics of the stroma or its
spectroscopy [62]. In the experiment reported here, calf eyes were employed here to avoid any
of the blemishes sometimes found on mature bovine corneas and aiso to best mimic the

geometry of human eyes.

As is the case for Er:YSGG irradiation of pure water, an acoustically thin barrier was
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employed to ensure that vaporization of cornea tissue constituents during the measurement did
not interfere with the estimation of 1. Moreover, the barrier helped guard against dehydration
of the cornea. The 193 nm radiation produced by the ArF excimer laser is not transmitted by
organic materials such as the saran employed for the Er:YSGG experiments. However pure
silicon dioxide is a good transmitter of this UV wavelength. Borosilicate glass (type KG33,
Kimble glass) was selected due to its high silicon dioxide content. Furthermore, borosilicate
glasses are noted for their extremely low thermal expansion coefficients (€ yg3,=3.2x10° K
[38]) so that unlike the saran membrane employed for the Q-sw Er:YSGG experiments, the
thermal expansion of the glass membrane was negligible. The glass was blown by a skilled
glass blower into spheres which were shattered and the resulting 10 pm thick shards of glass
were draped over the bovine cornea like a contact lens. Since the laser pulse energy was not
mechanically confined (7,~20ns [FWHM] and c, y5,;~5640 m/s [38]) and b=10 um, one can

show b<<Tc, «;#/2, and we conclude that the glass membranes were indeed acoustically thin.

3.4.2 Experiment Design

A Lambda-Physik LPX300 series excimer laser was used with an ArF gas fill to
produce 600 mJ pulses with a duration of 20 ns FWHM at a repetition rate of 1 Hz. An
aperture was used to select the central 4 mm disk of the 10 by 25 mm raw rectangular beam
output. The beam energy as controlled with UV quartz attenuator plates of various thickness.
A pyroelectric detector (Molectron Detector, Portland, OR) was used to measure the energy in
each pulse. This was calibrated against a broadband pulse energy meter (Molectron Detector).
The experimental setup is depicted in Figure 3.12. As for the Er:YSGG experiments described
earlier, the plane of focus for the interferometer HeNe beam served to define a fixed reference
plane. The ArF beam was aligned to be concentric with the HeNe probe at the reference plane.
The transverse beam profile was measured at this plane by stepping a pyroelectric detector
(Molectron Detector) with a 1 mm diameter aperture through the beam. The beam analysis
permitted an estimate of the local fluence for each laser pulse. In general, the shot to shot

energy variation of the ArF laser was less than 3%.
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The fluence measurement was adjusted for the expected reflection coefficient of 193 nm
radiation incident at 14° incidence on an air-glass incidence. The fresnel reflectivity for both TE
and TM reflection can readily be computed to be about 5% assuming the index of refraction for
the glass is about 1.55 at 193 nm. The reflectivity of the glass-cornea interface can be shown to
be negligible if the real part of the index of refraction for cornea is assumed to be 1.33 or higher

(n,q.~1.33 for visible light, Real(n_,.,) was measured to be 1.52 for 193 nm radiation [62]).

cormea

Thus, the glass membrane was not expected to behave as a Fabry-Perot etalon with respect to

the 193 nm radiation and thus multiple reflections within need not be considered.
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Figure 3.12: Schematic diagram of setup for ArF irradiation of bovine cornea

Whole bovine globes were obtained from a local slaughterhouse and used within 24
hours. The globes were maintained on ice and allowed to attain room temperature prior to the
actual experiments. The epithelium covering the comeal stroma was removed by dragging a
razor blade across the corneal surface and the exposed stroma was wiped dry with lens tissue.
A membrane of glass with an appropriate curvature was draped over the exposed stroma. The
glass membranes were about 10 um thick as measured by a micrometer and were about 5 mm

across. Figure 3.13 contains an expanded view of the experimental setup. The globes were
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considered, nor was it observed. After the conclusion of experiments on an individual cornea,
the glass membrane was peeled off the cornea. The comneal stroma under the glass membrane
was slightly raised (by ~200 um) relative to the uncovered comeal region. This was attributed

to dehydration of the corneal stroma that was not covered by the glass membrane.

3.4.3 Results

Sample traces obtained by the interferometer for ArF excimer laser irradiation of glass
membrane covered bovine corneal stroma are presented in Figure 3.14. In this figure, the time

is measured with respect to the initiation of upward motion of the surface displacement.
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Figure 3.14: Typical traces obtained by interferometer for ArF excimer laser irradiation of glass membrane
covered bovine corneal stroma

Note the extremely small vertical scale in Figure 3.14 and that the noise level is about
+ 1 nm. Providing D <<30 pum (which seems assured given the range of published values for

this parameter), the 20 ns FWHM ATrF excimer laser pulse is not mechanically confined. The
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rise time of the lower traces corresponds to the 20 ns FWHM duration of the ArF laser pulse
and this is a consequence of the fact that the laser pulse energy is not mechanically confined so
that thermal expansion occurs on the timescale of the laser pulse. As in Figure 3.10, the amount
of downward surface relaxation increases with increasing fluence. This is not surprising since
for a fixed amount of energy conducted from the heated corneal stroma into the glass
membrane, more surface motion is expected to occur at higher temperatures due to the non-
linear dependence of water density on temperature. The timescale for relaxation is much faster
in these traces compared to those in Figure 3.10 and this is indicative of a more shallow
penetration depth (higher p).

The model can only be fit to the data over a finite time interval. The model assumes an
instantaneous energy deposition and consequently is not expected to agree with the data during
and immediately after the laser pulse (<150 ns). At times longer than 500 ns after the laser
pulse, significant acoustic effects corrupted the data traces, and so only the first 500 ns of the
data traces were suitable for u, estimation. This acoustic effect is not surprising since the
comeal stroma is not really 2 semi-infinite body; it doesn't take much longer than 500 ns for an
acoustic wave to travel from the front side of the cornea to the rear side (~600 pm), and return

again to the front side if ¢ (~1500 m/s) is assumed.

Due to the lower signal to noise ratio in the traces, many traces obtained at the same
fluence were averaged to generate a smoother single trace for a given fluence. The thermo-
physical properties of corneal stroma are not well tabulated in the literature and most authors
(see for example [6, 21, 82]) have assumed they are very similar to those of water due to the
high water content of the stroma (78% by mass). For this reason, the properties of cornea were
assumed to be equivalent to those of water for this study. A non-linear parameter fitting
algorithm employing the Levenberg-Marquardt method (MATLAB, The Mathworks, Natick
MA) was then employed to determine the best fit values for ¢, and p,. ¢, was used as a fitting

parameter despite the fact that it was explicitly measured during the experiment since the fit

between model and data is extremely sensitive to ¢, and in practice it is nearly impossible to

65



measure it to better than 5% accuracy due to the difficulty in accurately measuring the laser beam
transverse profile. Only the traces obtained at the highest fluences (> 300 J/m?) were used for
the estimation of y, since traces at lower fluences (<300 J/m?) are much less sensitive to g, due
to the weaker non-linearities in the dependence of water density on temperature.

The non-linear fitting procedure yielded the value ¢,=19,400 cm™ (D=515 nm). The
chi-squared statistic was employed to demonstrate the goodness-of-fit between the model and
the data [67]. To obtain a confidence interval on the estimate of y,, a Monte Carlo technique for
generating synthetic data sets with the same statistical characteristics as the actual data set was
employed [67]. This technique assumed that the individual data points were normally
distributed around the "true" value with a characteristic error. The resulting 5%-95%

confidence interval for i, was 1,600,000-2,300,000 1/m (D=435-633 nm).

The averaged data trace used for the 4, estimation is presented in Figure 3.15 along with
predicted traces for a few combinations of i, and ¢,. The values for u, depicted in the plot
include 270,000 1/m cited in [68], a recently measured value of 3,990,000 1/m cited in [62],
and the best fit value found in this study. The values from the literature clearly do not fit the
data as well as 1,940,000 1/m. For comparison purposes, the cornea-glass interface
temperatures predicted by the model at /=350 ns were 34° C, 75° C and 96° C for traces with u,
equal to 270,000 1/m, 1,940,000 1/m, and 3,990,000 1/m respectively.
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Figure 3.15: Comparison between averaged data trace and best fit to model for three values of u,

To analyze the data at early times (<150 ns), the governing equations were implemented
numerically using a finite element method (FEM) partial differential equation solver (MATLAB,
The Mathworks). An analytical function was fit to the ArF excimer laser pulse temporal profile
measured by a single nanosecond rise time detector (Molectron Detector) and was used for the
FEM solution. The FEM solution was not used with the Levenberg-Marquardt fitting algorithm
as it required far too much time for computation. In Figure 3.16 the FEM solution using the
best fit parameters for u, and ¢, is compared to the measured data. A significant discrepancy is
apparent at times earlier than 100 ns after the start of the laser pulse. In contrast to the data, the
best fit model reaches its maximum surface displacement at the conclusion of the laser pulse,
50 ns after it began. The measured data trace lags behind, and achieves its maximum surface
displacement at around 100 ns after the start of the laser pulse. The maximum temperature
occurring in the FEM solution's predicted temperature field is 121° C at z=126 nm and =52 ns.

The presence of tissue water in a metastable state should not disturb the reader since this
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situation persists for only a few tens of nanoseconds and moreover Eq. (3.4) is valid up to

150° C.
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Figure 3.16; Comparison between FEM solution and data for best fit value of 4, and ¢

For comparison purposes, the temporal profile of the ArF excimer laser pulse is
presented in Figure 3.17. Note that the weak taii of energy following the laser pulse is not
sufficient to account for the discrepancy. Moreover, the discrepancy cannot be resolved by
invoking non-linear absorption behavior that would lead to a non-exponential spatial energy
deposition profile. Aside from the possibility that the comeal stroma has unusual non-linear
thermal expansion characteristics, the only other explanation for the discrepancy at early times is
that some of the laser pulse energy is not fully thermalized until 100 ns after the laser pulse

ends.
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Figure 3.17: ArF excimer laser temporal profile

3.4.4 Discussion

At the outset, it must be noted that several potentiaily important effects were ignored in
this study. Firstly, as mentioned earlier, the thermo-physical properties of corneal stroma are
not known, and moreover, are likely to vary with temperature. Due to the high water content of
the coineal stroma, the thermo-physical properties were assumed to equivalent to those of
water. The comeal stroma was treated as a liquid with a Poisson's ratio of 0.5 in Eq. (3.3)
since the temperature driven volume expansion properties of water were expected to dominate
over any volume restraining effects resulting from the collagen matrix [6]. Secondly, the
structure of the cornea suggests that there may be heterogenaeities on the same spatial scale as
the measured effective absorption depth since the individual collagen lamellae are said to be
about 2 um thick [46]. However, if the structure of the lamellae is such that tane relative
concentration of collagen and water does not vary on this scale, the influence of this

heterogenaeity would be negligible.

69



The hydration state of the cornea has been shown to play a critical role in determining its
spectroscopic properties [19, 20]. In this study care was taken to ensure that the hydration staie
of the comea was maintained at its proper physiological level. Indeed, it was evident that the
glass membrane inhibited desiccation of the cornea surface on the timescale that it took to
perform a set of measurements on a single eye (~20 minutes). After a set of measurements were
completed the areas covered by the glass membrane were about 200 ptm higher than the other
areas where the was no glass coverage.

In [62] the authors provide evidence that the value for u, cited in [68] is likely to have
been corrupted by problems with the sample preparation. These authors also document that the
existence of a thin water layer between the prism and the comea in their own experimental
apparatus may have led them to overestimate u, (and underestimate D) [62]. The authors state
that the water layer might result from pressure applied on the comea by the prism. In
unpublished experiments, we have observed that pressure applied to the comeal stroma does
indeed causes it to "sweat" significant amounts of moisture, perhaps in the same manner that a
sponge surrenders moisiure when compressed. Consequently, we believe that the primary
reason for the discrepancy between the value for z1, measured here and that cited in [62] is the
formation of a pressure induced water layer in their experimental apparatus. On this basis, we
believe the value measured here to be the mnst accurate measured to date.

The IPTS measurement of u, was done near ablation threshold radiant exposures as
compared to the measurement in [62] which was done at very low fluences. It is possible that
the u, depends on the local energy density as has been demonstrated for Er:YAG laser
irradiation of water [12, 99]. If so, then in order to reconcile the measurements here with those
in [62], i, would need to decrease with increasing local energy density. However, in [89] the
authors show that p, is expected to increase with increasing local energy density.

The value of i“ie absorption coefficient, p,, is critical to understanding the dynamics of
ArF excimer laser ablation of comeal tissue since this parameter determines 'how the laser

energy is deposited. At this point in time, there is some debate in the literature as to whether the
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ablation process is driven by purely thermal or partially photochemical processes. Srinivasan
and co-workers have proposed that corneal ablation proceeds via "ablative photodecomposition”
as has been demonstrated for ArF excimer laser ablation of organic polymers [26, 87, 88].
Their hypothesis is that the collagen matrix in the cornea is photochemically decomposed into
smaller molecular fragments by the high energy (6.4 eV) 193 nm photons. The higher specific

volume and high kinetic energy of these fragments is said to drive the material removal process.

This theory cannot however, explain the absence of an incubation effect, that is repeated
subablative irradiation of corneal tissue by 193 nm laser radiation does not seem to alter the
chemistry of the collagen matrix and result in a lowered ablation threshold as is the case for
193 nm laser irradiation of organic polymers [63]). Other authors have proposed a purely
thermal mechanism for material removal. Venugopalan and co-workers used a stress transducer
to obtain data consistent with a rapid surface vaporization of porcine dermis exposed to ablative
ArF excimer laser pulses [94, 95]. Like cornea, porcine dermis is also primarily collagen and
water, although the mass ratio is slightly different from that in the cornea, and the coilagen in
dermis is not organized in a regular laminar structure. Staveteig and Walsh have proposed that
ArF excimer laser ablation of collagen based tissue is primarily thermal in nature and that the
water becomes an active chromophore once heated by an initial amount of collagen absorption
[89].

One model describing ArF excimer laser ablation of corneal tissue is the blowoff model,
whereby a threshold level of energy per unit volume must be absorbed by the corneal tissue in
order for ablation to commence in that volume. This model assumes that the laser pulse energy
is fully deposited before material removal commences. This ablation commences from the
surface of the corneal tissuve, rather than via a subsurface explosion as is the case for Er:YSGG

or CO, ablation of tissue [96].

The surface displacement model presented in this thesis assumes that all of the energy
imparted by the laser pulse is thermalized. The comparison between the FEM solution and the

measured data (Figure 3.16) seems to indicate that for times less than 150 ns after the laser
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pulse, the energy may not be thermalized since the cornea continues to expand even after the
laser pulse has ceased. However, for times more than 150 ns after the start of the laser pulse,
the excellent fit between model and data suggests that the pulse energy is fully thermalized. One
possible explanation is that the laser pulse energy requires many nanoseconds to be transferred
from the proteins and bound water to the free water which ccmprises most of the mass of
corneal tissue. Another explanation is that some of the pulse energy manifests itself chemically
rather than thermally at times less than 150 ns after the laser pulse. Other workers have noted
that ablation characteristics at the fifth harmonic of the Nd:YAG laser (213 nm) are similar to
those at 193 nm [71-74, 89]. It would be interesting to repeat the measurements here with a
Nd:YAG pump laser beam to see how much time is required for the thermalization of 213 nm

laser radiation.

3.5 Conclusions and Future Directions for IPTS

In this chapter, we have developed the IPTS technique, derived the relevant analytical
model, and demonstrated that the technique can be used for estimating the effective absorption
coefficient through measurements performed during Q-sw Er:YSGG laser irradiation of water.
Significantly, we have successfully used the IPTS technique to estimate the effective absorption
coefficient of ArF excimer laser radiation in bovine cornea.

Comparisons between the full FEM solution and the simpler analytical model for IPTS
have shown that after the laser pulse has ceased, the surface motion is not particularly sensitive
to the shape of the initial energy distribution profile. Thus, the IPTS technique is not a good
way to assess unusual energy deposition profiles due to dynamic optical properties such as
saturation of the chromophore. Rather, the IPTS technique is better suited to estimating the
overall characteristic absorption depth incorporating any dynamic optical properties. This is not
surprising since the diffusive nature of heat conduction rapidly smoothes sharp gradients in a

temperature field and thus causes the thermal fields resulting from different initial temperature
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distributions to resemble each other. However, even an estimate of the effective absorption

depth is often very useful information as is the case for 193 nm laser irradiation of cornea.

The results presented here strongly suggest that many nanoseconds are required for the
full thermalization of the ArF excimer laser pulse in bovine cornea. This may be explained by
either a delay in the transfer of energy from the corneal proteins to the free water or by
photochemical activity of the proteins. Future work should be directed towards exploring this
energy thermalization and the implications for ablation of corneal tissue. One initial experiment
should be an investigation of 213 nm (fifth harmonic) Q-sw Nd:YAG irradiation of cornea.

As of yet, IPTS has not been employed in vivo, however, it is clear from the results
presented here that there are no obstacles to such experiments. The feasibility of IPTS as an in
vivo spectroscopic technique should be demonstrated in future experiments. An example would
be the IPTS measurement of corneal tissue absorption in an anaesthetized animal model. In
other work, the interferometer described in Chapter 2 should be implemented in optical fibers
and employed to perform IPTS internally on an animal model.

The IPTS technique is now a new minimally-invasive alternative to estimating the
effective absorption depth of a particular wavelength. Future work in this field could employ
this IPTS technique as a minimally-invasive diagnostic. IPTS could be employed to estimate
the concentration of an absorbing chemical species such as oxy-hemoglobin or a
photosensitizer. IPTS can serve as an alternative to PPTR and fluorescence spectroscopy for
"optical biopsy." IPTS may also be useful for NDE of engineering materials, particularly thin
surface structures like these encountered in micro-electrical mechanical systems (MEMS) and

integrated circuit (VLSI) technology.
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Chapter 4
Pulsed Laser Driven Interphase Heat and Mass
Transfer

4.1 Introduction

For our purposes, interphase heat and mass transfer is defined as heat or mass transfer
that occurs as a result of a change of phase between a condensed substance (such as water or
tissue) and a vapor substance (such as water vapor). Pulsed laser driven interphase heat and
mass transfer is important since it may play a critical role during photothermal laser ablation of
biological tissue. In such a situation the tissue may emit vapor upon rapid heating by a short
pulsed laser and this emission may profoundly influence the temperature field in the irradiated
tissue. Understanding this phenomenon may permit the derivation of models which accurately
predict the threshold and dynamics of photothermal ablation as a function of the laser irradiation
parameters and the tissue properties. Such predictive models for laser-tissue ablation could be
used to develop new clinical applications for laser ablation as well as to optimize existing ones.

Interphase heat and mass transfer may occur in both equilibrium and non-equilibrium
situations. During equilibrium interphase heat transfer, the amount of heat transferred from the
condensed material to the vapor is equal to the amount of heat transferred from the vapor to the
condensed material so that no net heat transfer occurs. During equilibrium mass transfer, an
analogous balance for mass flux exists. By contrast, during non-equilibrium heat or mass

transfer there is a net flow of heat or mass respectively between the two phases.

Non-equilibrium interphase heat and mass transfer may be subdivided into high rate and
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low rate processes. Parabolic (diffusive) differential equations describe low rate interphase heat
and mass transfer [47]. During high rate processes, heat and mass diffusion equaticns no
longer apply due to discontinuities in thermedynamic properties. In general, it is very difficult
to model high rate non-equilibrium irterphase heat and mass transfer and so approximations and
empirical correlations are often employed. In some cases, it is useful to derive theoretical upper
limits on the maximum rates of heat and mass transfer which may then be used as approximate
values for the true rates [25, 80].

Just as it is difficult to mode] high rate non-equilibrium interphase heat and mass fluxes,
it is also difficult to measure them. Non-equilibrium thermal fields and mass concentrations
tend to equilibrate over short time periods and thus high bandwidth and sensitivity are necessary
for instruments designed to detect high rate non-equilibrium interphase heat and mass transfer.

Under some conditions, the interphase heat and mass transfer occurring at the exposed
surface of a pulsed laser irradiated tissue may have a significant impact on the subsurface
temperature field. In this way, the surface interphase heat and mass transfer may play a role in
determining the threshold of laser ablation. Since soft biological tissue is primarily composed
of water, results obtained for pure water systems may be applicable at least in part to soft
biological tissue. The surface temperature of continuous wave (cw) laser irradiated tissue
measured by a pyrometer has been shown to be affected by interphase heat and mass transfer
[93].

In this chapter, we first present a theoretical discussion of high rate non-equilibrium heat
and mass transfer. Following this we present and discuss some experimental results obtained
for Q-sw Er:YSGG laser irradiation of pure water. The implications of high rate interphase heat

and mass transfer for photothermal laser-tissue ablation are then discussed.

4.2 High Rate Interphase Heat and Mass Transfer

We begin our discussion by defining our system to be a pure substance (e.g. water)
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present in two phases: a condensed phase (liquid or solid) occupying a half space in contact
with a vapor phase occupying the other half space (see Figure 4.1). If we are concemed with
net changes occurring as a result of interphase heat and mass transfer, then we are concemed
with non-equilibrium heat and mass transfer. If the rates of heat and mass transfer are
sufticiently low, there is a global non-equilibrium of the system but locally, on the molecular
level, there is equilibrium. This stats of affairc may be termed low-rate interphase heat and
mass transfer. For this situation, diffusion and convection will control the rate of interphase
heat and mass transfer and so both phases may be modeled as continuous materials, i.e. the
discrete molecules comprising the phases need not be considered in the model. In the general
case, the heat and mass transfer problems are coupled and the solution requires a numencal

implementation of the governing parabolic partial differential equations.

Vapor phase
(i.e. water vapor)
Spontaneously Reflected Incident
emitted vapor vapor vapor

molecules molecules molecules

absorped
vapor
molecules

Condensed phase
(i.e. water tissue)

Figure 4.1: Illustration of two phase system

When the rates of interphase heat and mass transfer between the two phases are
sufficiently large. there is a non-equilibrium on the molecular scale and a discontinuity in the
thermodynamic properties (such as pressure and temperature) occurs at the interface. The

region of the discontinuity is often termed a Knudsen layer in the literature and the discrete
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molecules which comprise the phases must be explicitly modeled to successfully model the
global system. This situation may also be termed free molecular flow since ihe rate of collisions
between the molecules is insufficient to maintain equilibrium on the molecular scale. The kinetic
theory of molecules, first developed in the nineteenth century by luminaries such as Maxwell
and Beltzmann, is a useful model for high rate interphase heat and mass transfer. In kinetic
theory, the individual molecules are modeled as ballistic particles obeying Newton's laws of
motion. The rules governing individual molecular motions may be used to derive descriptions

of the particle ensembles via the use of statistical mechanics [70, 97].

It is interesting and useful to ask the question (i) "what is the maximum rate at which
mass may be transferred from the condensed phase to the vapor phase, or vice versa." This
question has been posed and dealt with in a detailed monograph by R. W. Schrage [80]. A
related question is (ii) "what is the maximum rate at which heat may be transferred from the
condensed phase to the vapor phase, or vice versa." [25]. Question (i) may be of particular
importance when using an interferometer to measure nanometer scale surface displacements
resulting from pulsed laser irradiation of biological tissue since rapid heating of the tissue may
result in detectable tissue vaporization. Question (ii) may be of particular importance since high

rates of interphase heat transfer may influence the evolution of the thermal field in the tissue.

We can use kinetic theory to answer question (i). Consider a condensed phase in
equilibrium with its vapor phase as depicted in Figure 4.1. To satisfy thermal equilibrium, the
entire system is at a uniform temperature, 7. The pressure of the vapor above the water will be
P_,, the saturation pressure of the substance at temperature 7. Kinetic theory predicts the rate at

which vapor phase molecules will collide with the surface of the condensed phase. Assuming

ideal gas behavior of the vapor phase, this rate, j, _, , is given by [25, 80]:

i =n./RT (4.1)
.,v-c_nv 2"1

where n, is the number density of vapor molecules, R is the ideal gas constant for the vapor,
and T is the temperature of the vapor in Kelvins. Some fraction of the impinging vapor

molecules may be absorbed by the condensed surface and the balance will be reflected. We
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define o to be the condensation coefficient and this is the fraction of impinging molecules which
stick to the condensed phase, so consequently 1-0 molecules are reflected. While 6=1 for

water, surface contaminants can reduce this parameter [48, 49]. To preserve equilibrium

. . 4.2)
-’(‘ —v = 0-’!‘ —-C

where j__,, represents the rate at which condensed molecules are spontaneously emitted as vapor
molecules.

If we consider a situation where all of the vapor molecules are instantaneously removed
from the system of Figure 4.1 (thus creating a pure vacuum above the condensed material) then

the condensed phase will vaporize at the spontaneous rate

) 4.3)
= ony/ET

Thus, Eq. (4.3) represents the maximum rate at which the condensed phase can vaporize and is
the rate at which the condensed substance will spontaneously evaporate into a pure vacuum. Of
course, the vacuum will quickly become contaminated by the molecules emitted by the surface
and so the evaporation rate predicted by Eq. (4.3) can only be maintained for very short periods
of time. After a short time interval, enough vapor will accumulate above the condensed phase
that some vapor molecules will be redirected back towards the surface of the condensed phase.
Several efforts have been inade to consider the situation where vaporized molecules are
permitted to return to the surface [41, 80]. We shall not . :: i.ler this case here since it is quite
involved mathematically and because we are only interested in an upper limit for the mass flux
from the condensed surface.

It is worth noting that Eq. (4.3) is also equal to the maximum rate of vapor
condensation. This result illustrates the interesting symmetry between high rate vaporization

and high rate condensation discussed in [25].

Eq. (4.3) represents the rate at which molecules are spontaneously emitted by the
condensed phase into the vapor phase even in the case where another pure substance is present,

i.e. a near ideal gas mixed with the vapor but insoluble in the condensed material. This second
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gas will raise the total pressure exerted on the condensed material by virtue of Dalton's law for
partial pressures, but it will not alter the spontaneous emission rate. This result comes about
since the vapor pressure of most substances is not particularly dependent on the ambient
pressure, and so the presence of other gaseous molecules does not interfere with the ongoing
exchange between the vapor and condensed phases [80].

Armed with an upper limit for the rate at which mass may be vaporized from the
condensed phase, we may now consider the maximum rate at which heat may be transferred
from the condensed material. The latent enthalpy of vaporization 4, is the energy required to
convert a mass of condensed molecules to vapor molecules at a constant temperature. As such,
it can be used to obtain the maximum interphase heat flux, ¢q,,,.. between the condensed phase

and the vapor phase.
qm\ = omnvh/g\/ % (4'4)

where m is the mass per molecule. This is the heat flux experienced at the surface of the
condensed phase when it is permitted to vaporize into a vacuum. Providing the condensed
phase molecules obey a velocity distribution identical to that under normal conditions, it is a
rather rigorous upper limit on interphase heat transfer. Note thai just as Eq. (4.3) represents
the spontaneous rate at which molecules will be emitted by the condensed phase, even during
equilibrium, Eq. (4.4) represents the spontaneous interphase heat flux that will occur, even
during equilibrium. This heat flux is plotted against temperature for pure water in Figure 4.2.
For water, =1 and mn, (which is equivalent to p,, the saturated vapor density) was obtained
from steam tables [48]. Note the extreme dependence on temperature, even over a limited

temperature range.
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Figure 4.2: g,,,, for water (given by Eq. (4.4)) plotted against temperature

To illustrate the physical implications of the preceding discussion, consider the
following situation where a high energy short duration laser pulse irradiates a pure water
sample. Suppose that before the laser pulse occurs, the water is in equilibrium with vapor
above it, the entire system is at ambient temperature (20° C), and that there is no air present -
only water vapor above the condensed water. If so, then the ambient pressure must be only
2315 Pa (0.023 atm) since that is the saturation pressure of water at 20° C. If the laser pulse is
sufficiently short and energetic, it will heat the condensed water and raise the surface
temperature so that the spontaneous rate of molecular emission from the condensed water will
greatly exceed the rate at which the ambient water vapor is colliding with and sticking to the
surface. Thus, in addition to thc global non-equilibrium in the temperature field there is local
non-equilibrium at the interface so high-rate non-equilibrium interphase heat and mass transfer

results.

For a sufficiently large temperature rise, Eq. (4.3) will be a rough approximation to the
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net interphase mass flux (condensed phase to vapor) and Eq. (4.4) will be a rough
approximation to the net interphase heat flux at the surface. After a short time the water vapor
molecules will begin to accumulate above the tissue and they will be redirected towards the
interface at a rate approaching the rate at which they are spontaneously emitted by the surface.
Locally at the interface, equilibrium will be re-established (although there will still be non-
equilibrium in the global temperature field) and once this occurs, the system will transition to a
low-rate interphase heat and mass transfer where diffusion and convection adequately describe
the evolution of the system. Eventually the entire system will come to a global thermai
equilibrium.

Now imagine the same state of affairs except we include the standard atmosphere in the
vapor space above the condensed water. When the condensed water is suddenly heated by the
laser pulse, the surface temperature will suddenly increase as before and the spontaneous rate of
molecular vaporization will be much higher than the rate at which water vapor molecules are
colliding with and sticking to the surface. However, the standard atmosphere above the
condensed surface will tend to redirect the spontaneously emitted water molecules back towards
the surface, thus reestablishing iocal equilibrium at the interface much faster than in the
preceding case. Consequently, the net rate of interphase heat and mass transfer will be much

lower in this case than in the preceding case and Eq. (4.4) will not be a good description.

On the other hand, consider what would happen if the laser pulse contains enough
energy to heat the surface of the condensed water to well over 100° C. The vapor pressure of
the water will exceed the ambient pressure and a shock wave will result. The water vapor will
be spontaneously emitted by the condensed water surface at a rate and a velocity that will
overwhelm the standard atmosphere above it which will be pushed out of the way (P, at 130°
C is 2.7 atm > 1 atm ambient pressure). Consequently, Eq. (4.3) will be an approximate
description of the interphase mass transfer and Eq. (4.4) will be an approximate descrintion of

the interphase heat transfer.

The te.nperature field in the irradiated condensed material may be profoundly affected by



high rate interphase heat and mass transfer. As discussed above, in some cases the laser pulse
may contain enough energy to create a heat flux at the surface that is approximated by Eq. (4.4).
We will now formally pose the problem subject to those assumptions. The temperature ficld in

the condensed material will be determined by

2 4.5)
aT — B'T "
prcp_r Ot - kr az‘z +q laser

where k_ is the thermal conductivity of the condensed material, ¢ is time, T is the temperatwe of
the condensed phase, z is the depth below the surface, p, is the density of the condensed phase,
c,. is the heat capacity of the condensed phase, and ¢, is the volumetric heating of the laser
pulse (a function of z and f). This formulation assumes that the penetration depth of the
irradiating laser is much smaller than the transverse width of the laser beam so that the resulting
temperature field is one dimensional (a function of z only). The initial condition for the system
is that the condensed phase is entirely at ambient temperature. The surface boundary condition
is given by Eq. (4.4), in other words

RT(z=0,)

oT| _ |
kar |, =P\ 2 4.6)

<9z "

If the surface vaporization rate is sufficiently high, we must consider the effect of the
moving boundary on the temperature field. For the moving boundary to be negligible, we
require that the heat conduction velocity in the condensed phase, v,,,,,, be much greater than the
velocity of the boundary due to vaporization, v .. The heat conduction velocity in the

condensed phase may be expressed as

=,/ % 4.7

where @, is the thermal diffusivity of the condensed phase. The velocity of the boundary due to

vaporization may be expressed as

b= Mhies _ G (4.8)

vy p‘_ prh p

V,,.a Clearly decreases as time increases so if we assume that v, takes on a large constant value
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then we expect that v, will exceed v,,, for only a short time interval. We equate v,,,, and v,

to find ¢ for which v, >>v,

. aPh, (&)’E 4.9)
i AR RT

From Figure 4.2 we see that the maximum value for g, for water is about 1000 MW/m? if the
surface temperature is limited to 140° C. Consequently we conclude that the moving boundary
will not affect the temperature field for 7<<800 ns. This assumes that we are maintaining g, at
1000 MW/m’. In reality, the numerical solution indicates that high values of ¢, arc only

realized for short periods of time so that the solution is valid for much larger values of t.

Due to the non-linear nature of the boundary condition in Eq. (4.6), there is no analytical
solution available and so numerical methods of solution are required. Thus Eq. (4.5) was
solved subject to the boundary condition of Eq. (4.6) by using the finite element method in z
and the Runge-Kuita numerical technique in /. Sample temperature fields for pure water at
various points in time exposed to a laser pulse with a FWHM duration (7,) of 50 ns, a fluence
(¢) of 1000 J/m?, and a penetration depth (D) of 1.94 um are depicted in Figure 4.3. These
parameters roughly correspond to a Q-sw Er:YSGG laser pulse near the ablation threshold of
water. Note that the exponential deposition profile of the laser pulse energy is rapidly distorted
by the surface flux and that a subsurface temperature peak is created. At approximately 300 ns
after the start of the laser pulse, the surface temperature has decayed to be well below 100° C
while there is more than 10° of superheat at a depth 200 nm below the surface. Thus, high rate
interphase heat and mass transfer may provide a mechanism for generating subsurface
temperature maxima. This issue and its implications for laser ablation of biological tissue are

discussed in Section 4.4.
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Figure 4.3: Predicted temperature fields at various times for pure water assuming a surface flux obeying Eq. (4.4)
exposed 1o a laser pulse with a 7,=50 ns, ¢;=1000 J/m?, D=1.94 um (4,=515,000 1/m). (The wrinkics in the
100 ns trace are artifacts of the printing process.)

Temperature time histories at various depths for the same conditions as Figure 4.3 are
presented in Figure 4.4. Once again, the evolution of a high degree of superheat approximately
200 nm below the surface is apparent. Note that the surface heat flux boundary condition
ensures that the surface temperature of the condensed material is always slightly cooler than the

temperature at points just below the surface.
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Figure 4.4: Predicted temperature histories at various z for pure water assuming a surface flux obcying Eq. (4.4)
exposed to a laser pulse with a 7,=50 ns, ¢=1000 J/m*, D=1.94 pin (4,=515,000 1/m)

The numerical solution for the temperature field can be used to predict the surface
displacement of a liquid sample experiencing high rate interphase heat and mass transfer. The
surface displacement in this case is quite different from that occurring for the conditions
discussed in Chapter 3 and detailed in Eq. (3.3). The surface displacement is not only a
function of the amount of thermal expansion below the surface, but is also a function of the
amount of material vaporized off the surface of the condensed liquid. Additionally, the
vaporizing material exerts a recoil force on the condensed liquid which compresses it and causes
further downward surface motion. Consequently, the surface displacement, Az, may be

expressed as (see Appendix A):

_ ) pr.o ' 4 ma i (4]0)
= — e — | ldz - d 0i
AZ(I) fn (P‘(T(Z,t)) ) Z S Prh R ! +fn erecmldz

where p, is the density of the condensed liquid (denoted by p,_, at ambient temperature) and

£,.,; 1S the strain resulting from material vaporizing off the interface. Note that according to our

re

convention, compressive strain is negative so that recoil compression of the liquid will result in
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a downward surface displacement as expected. The first term in Eq. (4.10) 1s identical to
Eq. (3.3), the second term refers to surface displacement resulting from mass removal at the
interface, and the final term refers to surface displacement resulting from the compression of the

condensed liquid by the recoil force.

Assuming linear elastic behavior in the liquid and a hydrostatic state of stress, the recoil

strain in the z direction will be proportional to the recoil stress, ©,,_,,, via the bulk modulus, K,

ecoil?
(see Appendix A):

Eri228) = O_K,f’z_t) @.i1)

The recoil stress created at the surface is assumed to propagate into the liquid at the sonic
velocity:

Orrmil(zit) = Omm‘l(z =Oit - CL) (412)

The recoil stress at the surface, o, ,,(z=0,) is equal to the vaporization rate (by mass)
multiplied by the average velocity of the vaporized molecules normal to the surface (a minus
sign is included to preserve our convention that compressive stresses and strains are negative):

» =0,t = — '. .g=—h£-
0,,..,,,(2 ) m.~vgq h, 4 (4.13)

¢ . . . L
where 7 is the average velocity of the vaporized molecules away from the surface and is given

by [80]:

RT,
=\/ =, (4.14)

|on

where T, is the temperature of the surface (in Kelvins) and is a function of time only.

Eqgs. (4.11-14) can be combined to yield:

R z
Er2) = —;—mT,(t =) 4.15)

water

The bulk modulus for water is large (K|, =2.2x10° N/m? [109]) so compression due

to vapor recoil momentum causes at most 5 nm of surface motion.

Providing the dependence of p, on temperature is explicitly available and Eq. (4.9) is
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satisfied, we can use the numerically calculated temperature fields in conjunction with
Eq. (4.10) to predict the surface displacement Az. The predicted surface displacement obtained
in this manner for the same conditions as Figures 4.3 and 4.4 is depicted in Figure 4.5. The
calculation revealed that about 10 nm of material was vaporized during the first 100 ns (i.e.
during the laser pulse). Thus the effect of the high rate interphase mass transfer is significant
even during the laser pulse. Most of the downward surface motion after 100 ns is due to
material removal (second term of Eq. (4.10)) rather than thermal contraction (first term of Eq.

(4.10)) or material compression (third term of Eq. (4.10)).

Note that water vapor emitted during the laser pulse will not block the incident laser
radiation since the absorption properties of water vapor in the IR are much weaker than they are
in the condensed state [104]. Moreover, even if water vapor absorbed the laser energy as
strongly as condensed water does on a mass basis, the 10 nm of condensed water blown off
during the pulse would have a negligible effect on the incident fluence since the effective

penetration depth (~2.1 im) is so much larger.
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Figure 4.5: Az predicted for Q-sw Er:YSGG irradiation of water assuming a surface flux obeying Eq. (4.4) with
¢,=1000 J/m* and ,=515,000 1/m

4.3 Interphase Heat and Mass Transfer During Q-sw Er:YSGG
Irradiation of Water

To assess the significance of interphase heat and mass transfer during laser irradiation of
biological tissue, the surface displacement of pure water samples exposed to Q-sw Er:YSGG
laser radiation was measured with the interferometer system described in Chapter 2. The
experiments were performed on pure water since it is a pure substance with well tabulated
thermodynamic properties. Since soft tissue is primarily water, the results obtained for water
may be applicable to tissue.

The experimental setup was similar to that employed for the IPTS technique in the
preceding chapter, only there was no physical barrier impeding the interphase heat and mass

transfer.  Two different experimental configurations were employed: interferometric
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measurement from the top (air) side of the air-water interface (Figure 4.6) and interferometric
measurement of from the bottom (water) side of the air-water interface (Figure 4.7). When
performing top side interferometric measurements of the interface displacement the Q-sw
Er:YSGG pump beam was inclined at 14° to permit both the pump and HeNe interferometer
probe to access the target. This results in a small difference (factor of ~0.98) in the cffective

Er:YSGG absorption depth between the two configurations.

The data obtained for the two experimental configurations were nearly identical thus
indicating that the HeNe interferometer probe beam was not significantly perturbed when
traversing vaporized water or stress waves inside the condensed water. This fact is not
surprising since with the aid of tabulated water and air properties, one can show that the optical
path of the HeNe probe is not much affected by bipolar density vanations in condensed

materials (due to a bipolar stress wave) or by small amounts of water vapor in the air above.
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Q-sw Er:YSGQG laser pump
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Figure 4.6: Diagram of experimental apparatus used for top-side interferometric displacement measurement of
water exposed to Q-sw Er:YSGG laser radiation

The water used for the experiments was triple distilled deionized water. The Er:YSGG
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laser was identical to the one used for the experiments in the preceding chapter; it produced
50 ns FWHM laser pulses about 4 mm in diameter with about 25 mJ of energy at about 1 Hz.
IR quartz attenuators were used to approximately control the energy in the laser pulse. The
mechanical O--witching element caused the mode shape and the ulse energy of the laser to vary

on a shot to shot basis and so measurement of the local radiant exposure was impossible.
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IR quartz  Gold
altenuators  mirror
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pump beam
air
purc water ’ 15 um
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pure water B8
Interferometer sample R
probe beam
Interferometer : lm’crfcromclcr
system L probe beam
General schematic Closeup view (not to scale)

Figure 4.7 Diagram of experimental apparatus used for top-side interfecrometric displacement measurement of
water exposed to Q-sw Er:YSGG laser radiation

The Q-sw Er:YSGG laser pulse was thermally confined but not mechanically confined,
which were the same conditions occurring during the IPTS experiments detailed in Chapter 3.
The acoustic impedance of air (~393 kg/m’s) is much lower than that of pure water
(~1.5x10° kg/m’s) so that the air did no: impede the thermal expansion of the water.

Typical data traces obtained for both experimental configurations are presented in Figure
4.8 (compare to Figure 3.10). The timescale of the initial upward displacement corresponds to
the timescale of energy deposition which is to be expected. The mid-IR pump laser energy is

completely thermalized as soon as it is introduced into the target water. The degree of
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downward surface motion depends on the amount of initial surface expansion. Almost no
downward surface motion occurs after an initial expansion of less than 40 nm, however, the
downward surface motion occurring after an initial upward surface motion greater than 100 nm
1s quite pronounced. The transition between the two cases apparently occurs for an initial
surface expansion of 60 nm which corresponds to an approximate initial surface temperature of
100° C. This agrees with the ideas put forth in the previous section, where it was argued that
high rate interphase heat and mass transfer can only occur when the surface temperature is
raised above 100° C, and the resulting vapor is capable of pushing the atmosphere out of the

way.
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Figure 4.8: Typical data traces obtained by the interferometer during Q-sw Er:YSGG laser irradiation of pure
water (compare to Figure 3.10)

In Figure 4.9 a typical surface displacement from Figure 4.8 is compared with the
surface displacement of a saran covered water sample (obtained from the IPTS experiments in
Chapter 3). The initial motions of the two traces (from O to 100 ns) are nearly identical. At

about 100 ns, the uncovered sample begins a rapid downward motion indicative of intense
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surface vaporization and cooling. The difference between the covered and uncovered data traces

is striking.
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Figure 4.9: Comparison of surface displacement of uncovered and saran covered water
exposed to Q-sw Er:YSGG laser pulse

The data traces were compared to the model presented in the previous section by fitting
the initial surface expansion. A comparison between typical data and the corresponding fitted
models is depicted in Figure 4.10. The fluences indicated in the plot are the fluences used in the
model to fit the initial surface expansion of the data. As the figure clearly shows, for smaller
initial surface displacements (<~60 nm), the model tends to overpredict the downward surface
motion of the data. For larger initial surface displacements (>~100 nm) the model tends to
underpredict the downward surface motion. For intermediate initial surface displacements
(~80 nm), there is good agreement between the model and the data. For comparison purposes,
the maximum surface temperatures predicted by the model are 105° C, 97° C, and 70° C for the

1060 J/m?, 890 J/m?, and 500 J/m? traces respectively. One can use these surface temperatures
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in Eq. (4.4) to determine the maximum predicted surface heat flux.
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Figure 4.10: Comparison between data and model based on Eq. (4.10) for Q-sw Er:YSGG laser irradiation of pure
water

The fact that the high rate interphase heat and mass transfer model overpredicts the
downward surface motion for small initial surface displacements is not surprising. Smaller
ininal surface displacements correspond to lower initial surface temperatures which do not yield
sufficiently high spontaneous vapor emission to push the atmosphere out of the way. What is
most surprising is that at very high initial surface displacements (<100 nm) which correspond to
maximum surface temperatures of approximately 105° C the high rate interphase heat and mass
transfer model underpredicts the downward surface motion. The implication is that material is
blown off the surface at a rate which exceeds the theoretical upper limit predicted by kinetic
theory!

It is highly unlikely that the interferometer is producing this effect as an instrument
artifact since consistent resvlts were obtained for measurements made from the top (air) and
bottom (water) side of the interface. Moreover, the downward surface motion behavior was

quite consistent given the initial surface displacement so shot to shot laser mode shape
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anomalies are not implicated as the cause. Bulk flow cannot be responsible since during the
first microsecond following irradiation, stress waves traveling at the sonic velocity (1500 m/s)
can only travel 1.5 mm. This is less than both the radius of the irradiated region (~ 2 mm) and
the depth of the water sample (~5 mm), consequently the inertia of water below and
surrounding the irradiated region precludes significant motion during the first microsecond.

One possible explanation for the discrepancy is that the vapor was modeled as an ideal
monatomic gas. In reality water molecules have significant rotational and vibrational energy
storage modes. These extra modes may result in higher non-equilibrium interphase heat or
mass fluxes. Perhaps surface contamination of the water samples is somehow responsible,
although there does not seem to be mechanism how surface contaminants can produce enhanced
levels of pulsed interphase heat and mass transfer. We do not expect that dissolved atmospheric
gasses in the water will affect the surface displacement since their concentrations are low. It
may be that during high rate interphase heat and mass transfer, h, is not a good measure of the
specific vaporization energy.

Considering that no researchers have ever experimentally verified the limiting rates for
interphase heat and mass transfer predicted by the theory, it is possible that the theory is not a
good description of the underlying physical phenomena. For example, the theory assumes that
the velocity distributions of the molecules obey the canonical Maxwell-Boltzmann distribution,
but in fact this may not be the case. The findings presented here must be independently

corroborated and the associated theory may need to be reassessed.

4.4 Implications for Pulsed Laser Ablation Thresholds

The results of the preceding section may have significant implications for laser ablation
of biological tissue. Soft biological tissue is primarily water and its behavior in response to
pulsed laser irradiation can often be modeled by that of water. High rate interphase heat and

mass transfer may provide a heat sink at the tissue surface that contributes to the formation of a
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subsurface temperature maximum. Many researchers have pointed out that the ablation
dynamics for certain combinations of wavelength, pulse duration, and tissue type are consistent
with explosive boiling [13, 94, 96, 102, 104] which could result from such a subsurface
temperature maximum. Moreover, many researchers have found that the ablation threshold for
certain combinations of wavelength, pulse duration, and tissue type ccrresponds to surface
temperatures well above 100° C, if the tissue surface is assumed to be adiabatic [94, 96]. These
calculations suggest that boiling of the tissue water should commence at the surface of the tissue
rather than in the bulk, since that is where the maximum superheat is expected to occur. It is
clear that interphase heat and mass transfer will serve to quench the surface temperature

maximum, thus producing a subsurface temperature maximum.

Figures 4.3-5 were created assuming conditions similar to those existing during Q-sw
Er:YSGG laser irradiation of water. In response to a 1000 J/m’ laser pulse incident on water,
over 20° of superheat could be produced about 200 nm below the surface at about 300 ns after
the laser pulse. The threshold for ablation during Q-sw Er:YSGG laser ablation of tissue may
occur when the laser pulse eneigy produces enough subsurface superheat to nucleate a bubble
that intercepts the tissue surface and spews out it contents. The time delay between the start of
the laser pulse and the onset of ablation has been estimated to be several hundred nanoseconds
[94, 96], which would correspond to the time required for heat and mass transfer at the surface
to establish a significant subsurface temperature peak. At this time, such a mechanism for Q-sw
Er:YSGG laser ablation of water based tissue is purely speculative, and until better
measurements of the interphase heat and mass transfer are performed, no conclusions can be
drawn as to the mechanism controlling the ablation threshold.

Previous researchers have advanced ihermal models for ablation which predict the
existence of a subsurface temperature maximum that implies subsurface vapor nucleation and
explosive beiling. Dabby and Paek developed a simple model for the temperature field of a
target exposed to an intense laser which assumed that the target surface temperature could not

exceed the target substance vaporization temperature [14]. This boundary condition is
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equivalent to forcing the interphase heat and mass flux to be zero for surface temperatures below
the vaporization temperature and infinite when the surface temperature attempts to exceed the
vaporization temperature. However, this model was criticized for its simplistic treatment of
interphase heat and mass transfer [37, 51]. Miotello and Kelly have advanced a model for the
temperature field in a laser irradiated target which includes a kinetic theory treatment of the
interphase heat and mass transfer similar to that presented here {37, 51]. They found that the
subsurface temperature maximum resulting from surface cooling was not significant and hence
probably did not influence laser ablation of aluminum. The difference between their result and
that presented here is due to the difference between the material properties of water and
aluminum. Furthermore, in contrast te aluminum, only 10° of subsurface superheat in a water

target near 100° C might be sufficient to incite subsurface bubble nucleation and hence ablation.

Recent work has advanced the notion that a subsurface temperature maximum is not
necessary for the production of subsurface bubble nucleation and explosive material removal
[37, 51, 96]. If the timescale of the laser pulse is fast enough, and if the laser pulse contains
enough energy, the water in the tissue target may be driven close to the spinodal temperature
(~305° C at 1 atm) which is the temperature at which a liquid will homogeneously nucleate and
thermally explode. The thresholc for Q-sw Er:YSGG ablation of water based tissues may not
correspond to the production of such high temperatures however.

The thermal modeling presented in this thesis suggests that the influence of interphase
heat and mass transfer increases when the penetration depth is reduced. Thus, if interphase heat
and mass transfer play a role in determining the threshold for Q-sw Er:YSGG laser ablation of
tissue, then it is likely that the same can be said for ArF excimer laser irradiation of comea
whose penetration depth was measured to be about one quarter the value of that for Q-sw
Er:YSGG laser irradiation of water. Moreover, recent work has demonstrated that the stress
transients produced during ArF excimer laser ablation of dermis are consistent with a gas
dynamic model for rapid surface vaporization [94, 95]. It may be that high rate interphase mass

transfer is the actual ablation event producing the stress transients published in [88, 94, 95].
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To further investigate these issues, the interferometer system described in Chapter 2 was
employed to measure the surface motion of bovine corneal stroma in response to Arf< excimer
laser irradiation. The experimental setup and laser parameters were identical to that depicted in
Figures 3.12-3 except that a glass membrane was not employed to suppress interphase heat and
mass transfer. As in the previous chapter, the laser pulse energy was thermally confined but not
mechanically confined. Typical traces are presented in Figure 4.11. The fluence values listed in
the figures are only approximate values since it is hard to obtain an exact representation of the
beam transverse profile. Note that at low fluences, there is very little downward surface motion
following the initial expansion as compared to higher fluences where the downward surface
motion following the initial surface expansion was pronounced. Note also that all of the traces
require on the order of 100 ns to reach their peak level of displacement but the ArF excimer Jaser
pulse required only 50 ns to deposit all of its energy. This resuit is identical to that discussed in
the preceding chapter for ArF excimer laser irradiation of glass covered bovine cornea. The
delayed expansion may be due to the time required for thermal energy to be transferred from the

corneal proteins to the free water or a photochemical pathway for energy deposition.
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Figure 4.11: Typical displacement traces obtained for ArF excimer laser irradiation of bovine corneal stroma in air

In Figure 4.12 a typical data trace obtained for ArF excimer laser irradiation of bovine
comeal stroma in air is compared to the predictions of the theoretical model incorporating the
high rate interphase heat transfer boundary condition (Eq. (4.4)). The effective absorption
deptb used in the model was the value experimentally measured by the IPTS technique in the
previous chapter (D=515 nm). The most significant discrepancy between the model and the
data is the different timescales required for the initial expansion. The model fully expands once
the laser pulse has ceased since it assumes instantaneous thermalization of the pulse energy
solely in the tissue water. The model does not account for the possibility that there is a delay in
the transfer of thermal energy from the absorbing proteins to the free water. Photochemical
activity of the proteins may also account for why there is a delay in the thermalization of the
energy. In addition to its delayed rate of expansion, the maximum expansion of the
experimental trace is about midway between that predicted by the model for ¢,=350 J/m’ and
¢,=450 J/m’ but its fluence was measured to be ~310 J/m*. This particular discrepancy may be

due entirely to inaccuracies in measurements of the transverse beam width or it may be
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indicative of a more fundamental difference between the model and the data.
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Figure 4.12: Comparison between data ¢btained from ArF excimer laser irradiation of cornea and theoretical
model incorporating high rate interphase heat and mass transfer

Despite the discrepancy in the tirnescale for the initial expansion, the rate of downward
surface motion is roughly consistent with the model. This result supports the notion that high
rate interphase heat and mass transfer occurs during ArF excimer laser irradiation of corneal
tissue at high radiant exposures. Whether or not the model for interphase heat and mass transfer
presented here is correct, the rate of downward surface motion approaches 0.2 m/s in Figure
4.12 which corresponds to a vaporization rate of 200 kg/m’s!

It must also be pointed out that the simulation was performed for a pure water sample
while the data was obtained on bovine comneal stroma exposed te air. Comea is about 80%
water by mass and most researchers use the thermophysical properties of water to describe
corneal tissue [21, 82]. Nevertheless, proteins such as collagen and other substances in the

cornea may cause the thermophysical properties of corneal tissue to differ substantially from
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those of water, especially for comeal tissue that is exposed to air and may undergo a degree of
desiccation. The collagen in the cornea is the primary absorber of the 193 nm ArF excimer laser
radiation and so it may be heated to temperatures at which it expesiences significant structural

changes.

4.5 Conclusions

Interphase heat and mass transfer may have an impact on the dynamics of laser ablation
of biological tissue. For very intense, short duration laser pulses, a local non-equilibrium in
both the thermal field and the water vapor concentration field may lead to high rate interphase
heat and mass transfer where the net vaporization rate approaches the theoretical maximum
predicted by kinetic theory. The choice of chromophore, whether it is the tissue water or the
structural proteins, may determine the kinetics and transport phenomena.

Numerical simulations of the surface displacement were computed for pulsed laser
irradiation of pure water assuming that vaporization proceeds at the maximum rate allowed by
kinetic theory. When compared to these simulations, the data suggests that at high fluences,
interphase heat and mass transfer occurs at rates matching and exceeding the limits predicted by
kinetic theory during Q-sw Er:YSGG laser irradiation of water and ArF excimer laser irradiation
of corneal stroma. Independent confirmation of such high rates of intsrphase heat and mass
transfer is clearly necessary. The roles played by surface contaminants on the water samples
and proteins present in the comeal tissue must be investigated as they may contribute to the
unusual surface displacement of the interface when irradiated by high energy short duration
laser pulises.

The simple kinetic theory model described here may not capture the full complexity of
the physics governing pulsed laser driven heat and mass transfer. More sophisticated models
and numerical simulations are necessary. As the computational power available for numerical

simulations increases due to technological advances, simulations of molecular dynamics could
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provide insight into how interphase heat and mass transfer proceeds for a system experiencing
extreme local non-equilibrium. Such simulations could account for internal degrees of freedom
as well as molecular systems whose velocity profiles undergo severe departures from the
Maxwell-Boltzmann velocity distributions, as may be the case during intense pulsed laser

trradiation.
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Chapter 5
Conclusions and Future Work

5.1 Achievements of This Thesis

Photothermal effects resulting from pulsed laser irradiation of biological tissue remains
an important and fertile field for research. It requires an interdisciplinary approach since it lies
at the nexus of medicine, biology, physics, and engineering. The results of this and other
research efforts may lead to new clinical procedures, a better understanding and optimization of

existing ones, and often a better understanding of the basic underlying physics.

In this thesis we have employed novel instrumentation and medeling to investigate the
photothermal effects of pulsed laser irradiation of biological tissue. The results presented here
are relevant to both laser diagnostics (IPTS) and laser therapeutics (ablation). The particular
achievements of this thesis are organized into the three sub-sections to follow: improved
instrumentation, the development of the IPTS technique, and progress in pulsed laser driven

interphase heat and mass transfer.

5.1.1 Improved Instrumentation

We have developed an improved interferometer for monitoring the surface displacement
of tissue exposed to pulsed laser irradiation. This interferometer builds on previous efforts to
employ interferometry for the analysis of laser-tissue interactions [2, 4, 33]. Our interferometer
can achieve a 4 nanosecond rise time with single nanometer spatial resolution and can be used to
track the displacement of both specular and diffuse surfaces. The high bandwidth and

sensitivity of this device make it an ideal tool to study photothermal laser effects in a time-
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resolved manner.

Since the interferometer is an optical instrument and epitaxial in configuration, it holds
great promise as a minimally-invasive instrument for precise measurements of living tissue.
The interferometer may be partly or wholly implemented in fiber form, and thus it could be

passed through an endoscope or laparoscope to probe deep inside a living organism.

5.1.2 Development of Interferometric Photothermal Spectroscopy (IPTS)

We have developed and demonstrated a new technique for estimating the effective
absorption coefficient of a laser pulse in a tissue target, termed Interferometric Photothermal
Spectroscopy (IPTS). IPTS is not intended to replace traditional spectroscopic techniques but
rather to complement them and perform measurements of effective absorption coefficients that
would be otherwise impossible. IPTS is significant new tool for spectoscopic measurements
since it requires minimal disturbance of the tissue specimen and is epitaxial so that it may be
employed in vivo. IPTS is one among many recently developed minimally-invasive optical
diagnostic techniques such as Pulsed Photothermal Radiometry (PPTR), Optical Coherence
Tomography (OCT), and Fluorescence Diagnostics.

Experiments conducted with a Q-sw Er:YSGG laser on pure water samples confirmed
that IPTS is an accurate and reliable technique under the proper experimental conditions.
Subsequently, IPTS was used to measure the effective absorption coefficient of ArF excimer
laser radiation of corneal stroma since previous efforts to measure this parameter were thwarted
by the difticulty in producing a proper sample. The ability of IPTS to overcome these problems
and measure an effective absorption coefficient with minimal disturbance to the sample was
demonsirated with these experiments. The effective absorption coefficient was found to be
19,000 + 4,000 cm™ in vitro. We believe this measurement to be the most accurate one to date.
This measurement is important since it indicates how the laser energy is localized during ArF
excimer laser ablation of comeal tissue which occurs during the clinical photorefractive

keratectomy (PRK) procedure and thus influences how the corneal ablation process is modeled.
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The thermal modeling and interferometer detailed in this thesis represent a new way to
measure the thermalization of a laser pulse energy. Surface displacement measurements of
comea exposed to 193 nm laser radiation reported here suggest that many dozens of
nanoseconds are required to completely thermalize the laser pulse energy. This may be due the
time required to transfer thermal energy from the comneal collagen to the free water or

photochemustry in the collagen.

5.1.3 Progress in Interphase Heat and Mass Transfer and Implications for Tissue Ablation

In this thesis we have presented experimental data and a theoretical model indicating that
pulsed laser driven interphase heat and mass transfer is an important phenomena for certain
laser-tissue interactions. Previous workers have all but ignored to the role played by interphase
heat and mass transfer during tissue ablation, mainly due to a lack of experimental data. The
novel experimental data presented here was made possible by the extreme sensitivity of the
interferometer. For the first time, the mass vaporized into a Knudsen layer was quantifiable in a
time-resolved manner. Interferometric surface measurement opens up a whole new approach
for exploration of high rate interphase mass transfer.

The results suggest that at high laser irradiances, the heat and mass flux occurring at the
surface of a pure water target can approach and even exceed the upper limits predicted by a
simple kinetic theory model. We offered several possible explanations for this discrepancy.
The model assumed a monatomic ideal gas behavior and did not account for the vibrational and
rotational states available to water molecules. Furthermore, surface contaminants on the water
sample may have somehow led to unusual molecular dynamics. Finally, the molecules in the
system may not adhere to the assumed Maxwell-Boltzmann velocity distribution. In any case,
pulsed laser driven interphase heat and mass transfer remains poorly explained.

We have postulated that when the laser pulse is thermally confined but not mechanically
confined and the effective absorption depth is very shallow (<~3 pm) the ablation threshold and
ablation dynamics may be controlled by high rate interphase heat and mass transfer at the tissue

surface. Thus we have highlighted the fact that pulsed laser driven interphase heat and mass
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transfer must be considered when modeling photothermal laser ablation. During ArF excimer
laser ablation of cornea, high rate interphase heat and mass transfer may itseif be the ablation
mechanism. This conclusion is not surprising since previous workers have shown that the
dynamics of ArF excimer laser corneal ablation is consistent with rapid surface vaporization

94, 95].

5.2 Future Research Directions

The research findings detailed in this thesis suggest several new important topics for
future investigations. These may be organized according to the categories of instrumentation,

minimally-invasive diagnostics, interphase heat and mass transfer, and laser ablation modeling.

5.2.1 Instrumentation

Photothermal laser-tissue interactions are often fast processes (<1 ms) that usually occur
on small scales (<100 um) and consequently it has often been difficult to obtain precise time-
resolved experimental data. There is a strong need for advanced instrumentation that can
provide this information. Interferometry has only recently been applied to study such
photothermal phenomena and we contend that further improvements in the instrument can be
made to increase it's sensitivity and bandwidth. There is no technical impediment to a single
nanosecond rise time, sub-nanometer resolution interferometer.

In this thesis we point out that an interferometer could in theory exploit confocal
microscope technology and monitor the displacement of an optical scatterer below the tissue
surface. This development would be particularly significant since one of the greatest
disadvantages to surface interferometry is that it is difficult to infer the entire sub-surface
displacement field of the tissue based solely on the displacement of a surface point.
Measurements of the subsurface displacement field would permit the development of more
sophisticated models for photothermal laser-tissue interactions and permit more precise

measurements of the effective absorption coefficient using IPTS. These measurements could
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open up the possibility of three dimensional photothermal displacement imaging of the tissue
specimen.

Spatial arrays of photodiodes could be employed in a multibeam interferometer to
simnltaneously track the motion of several points on the tissue surface. This information could
be used to create a surface displacement map with nanometer resolution and nanosecond rise
time. Such measurements would make it much easier to monitor laser-tissue interactions which
do not conform to the one dimensional irradiation geometry assumed throughout this thesis.

Finally, important data could be obtained through the simultaneous use of two or more
time-resolved measurement techniques. Interferometry and stress transducer measurements
complement each other well (Table 2.1) and the combination of the two may be capable of
providing otherwise unavailable information. Precise measurements of the time delay between
laser irradiation and ablation onset near threshold radiant exposures could be of critical
importance to laser ablation modeling. A sensitive stress transducer may be capable of detecting

the recoil momentum associated with high rate interphase mass transfer.

5.2.2 Minimally-Invasive Diagnostics

The IPTS technique developed in this thesis has thus far only been applied to make a
single in vitro laser absorption measurement. IPTS has the potential to serve as a minimally-
invasive clinical diagnostic and this potential should be explored in future work. Future
experiments should be conducted in vivo to illustrate the full potential of IPTS with an eye
towards developing new IPTS applications. IPTS measurements of corneal absorption at
193 nm should be conducted in vivo on an animal model to see if the in vitro results described
in this thesis are indeed valid in a clinical setting.

Potential diagnostic applications for IPTS would most probably be based on the
determination of the concentration of a chemical species from the effective absorption
coefficient. With the proper pump laser pulse, perhaps obtained from a dye laser, a preliminary

research effort to estimate blood oxygenation could be conducted. Measuring the concentration
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of an exogenous drug or photosensitizer might also ultimately become an important IPTS
application. IPTS could serve as an optical biopsy technique by detecting an exogenous
chemical marker or an endogenous chemical species associated with cancer cells.

Aside from the effective absorption depth of radiation, the instrumentation and thermal
models developed in this thesis could also be used to estimate the thermophysical properties of a
target tissue specimen. In some cases, the thermal properties of the tissue may be a good
indicator of tissue pathology. This possibility should be explored and if possible exploited in
future work.

To fully realize the potential for IPTS as a minimally-invasive diagnostic, future
interferometers would need to be built from fiber optic components to enable it to pass through
an endoscope or laparoscope. This does not appear to be a serious technological hurdle given

current cptical fiber technology.

5.2.3 Detailed Study of Interphase Heat and Mass Transfer

The results presented here concerning pulsed laser driven interphase heat and mass
transfer are intriguing and merit further investigation. To our knowledge, no other researchers
have employed interferometry for the study of interphase heat and mass transfer. From the
work presented here it appears that interferometry is an attractive technique for time-resolved
measurements of high flux rates over short timescales. Future efforts might be made to
optimize the instrumentation for the detection of interphase heat and mass transfer. Optical
reflectance measurements of the sample surface could provide additional time-resolved
thermodynamic information which would greatly improve our understanding of this process.

At this time it is unclear why under certain conditions the interphase heat and mass
transfer reported here appears to exceed the upper limits predicted by kinetic theory. This
discrepancy is disturbing and demands a complete inquiry. The simple kinetic model presented
here may not capture the full physics of the phenomenon and so more sophisticated models are

desired. Computer simulations of the molecular dynamics should be conducted as they may
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provide insight into the sort of heat and mass fluxes encountered here.

5.2.4 Development of New Laser Ablation Modeis

Novel predictive models of laser-tissue ablation should be derived in order to develop
new clinical laser ablation applications as well as to optimize existing applications. The results
of this thesis suggest that interphase heat and mass transfer is an important phenomenon during
pulsed laser-tissue ablation when the effective absorption depth is relatively shallow. This
phenomenon must be fully explored with the goal of developing predictive models for laser-
tissue ablation. Predictive models are preferred to empirical ones as they can be employed to
suggest optimal laser ablation characteristics for laser parameters that are currently unavaiiable.
If the modeling suggests that a desirable therapeutic outcome may result from tissue ablation
with a set of currently unavailable laser parameters, research efforts can be focused on building
such a laser system.

The thermalization of laser pulse energy is during ArF excimer laser ablation of cornea
should be clarified in future studies. Measurements from this thesis strongly suggest that ArF
excimer laser pulse energy requires on the order of 20 ns or more to fully thermalize. This
result may be explainable by the time required to transfer energy from the collagen to the free
water or by photochemical activity of the cornea. Further experiments should be done to
determine which interpretation is correct. Results obtained at 193 nm should be compared with

those obtained at 213 nm where similar ablation characteristics have been noted.
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Appendix A:
One Dimensional Thermal Expansion

In this appendix, we shall derive equations governing one dimensional thermal
expansion for isotropic linear elastic materials. Note that although the elastic properties (E, K,
etc.) are treated as constants, the density of the material is permitted to be a non-linear function
of temperature (i.e. the thermal expansion coefficient o, may vary with temperature). The linear
elastic treatment presented in this appendix can serve as an approximation to the true non-linear
behavior of biological tissue. Should the approximations made in this derivaation be

inadequate, the thermoelastic behavior of the tissue may be treated numerically.

In our orthogonal coordinate system, a thermally expanding body occupies the half

space with z>0. The net thermal expansion of this body is given by Az:

Az=fm e.dz (A.1)
, 2

where €, is the strain in the z direction (negative for compressive strain). In general, £, may be
a function of time ¢t consequently Az may be a function of time. The temperature field is
assumed to be only a function of z and ¢ consequently symmetry demands that there can be no

displacements in the x or y direction:

u =0 u,= 0 u =u:(z) (A2)
The strain tensor, £; may be expressed as [92]:

which in our case reduces to:
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= 9, (A4)

with all other £=0 (no shear strains).
In a linear elastic isotropic body, the relationship between stress and strain may be
written as:

=1+v, v AV

&="F 9~ gOudy*3yd (A5)

where 0;; is the stress tensor (negative for compression), b',.j is Kronecke_r's delta, v is Poisson's
ratio, E is the elastic modulus. This expression differs from that presented in [92] in that
AV/3V is used in place of o;AT. AV/V is the fractional volume change (pure dilatation) that
would result from a temperature change in the absence of any stress. Note that for a material
with a constant thermal expansion coefficient &, AV/3V=0,AT where AT is the local
temperature rise.

Due to symmetry, the normal strain in the x direction, g, is equal to the normal strain in

the y direction, o, , and consequently we denote both of them by &,. Since there are no shear

strains there can be no shear stresses. Eq. (A.S) reduces to:

e =9=_2vo, AV
== E E £3%
(l ” ")ol vO. AV (A.6)
O="—F%—-TF *3v

Upon algebraic elimination of o, one obtains:

c =(1+V\AV+(1+V\0'= (AT)
=T \T=v/3V "{1-v 3k,

where K| is the bulk modulus and is given by [92]:

-__E .
K”'s(l-zv) "o

Eq. (A.7) expresses the strain in the z direction as a function of the stress in the z direction and
the local free thermal expansion. This general expression can be used in Eq. (A.1) to find the

net thermal expansion in the z direction.
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One can express AV/V as a function of temperature providing the temperature
dependence of density is well characterized. In Figure A.1 an isotropic cube with edge length
L, is depicted before and after a dilatation resulting from a uniform temperature change. The net

volume change AV is given by:

AV = (L + AL)’ -L (A9)

where AL is the change in length of the cube edge. If AL is small compared to L the higher

order terms can be neglected and the fractional volume change may be written as:

M —3 _A_L (A.10)
14 L
S e
T1. P} L+AL
Toopp L y
L L+AL
L L+AL

Figure A.1: Illustration of a pure dilatation due to a temperature change in an isotropic body

The mass of the cube does not change with the dilatation and is given by its density

times its volume. Consequently:

pol’ =p,(L+AL) = p (L’ +3L°AL) (A11)

where = is employed to indicate that higher order terms have been neglected. Eq. (A.11) can be

manipulated to yield:

AL _[Po (A.12)
3T ‘(p. ')

In the special case that all of the stresses in the z direction are permitted to relax and o, is zero
everywhere, Eqgs. (A.10) and (A.12) may be substituted into Eq. (A.7) to yield the strain in the

z direction:
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e==%(ii5)(p[r'f2,r>]“) .

This is the general expression for the strain encountered during IPTS and it may be used as the
integrand in Eq. (A.1) for any linear elastic isotropic material. Samples of pure water are
assumed to be nearly incompressible so that v is taken to be 0.5 and Eq. (A.1) may be written

as: o

= Po__ 1\ A.14
ac(r) o(p[T(u)] .)d 14

This is identical to Eq. (3.3) when the coordinate z is replaced with z,. This is the same
equation employed in Chapter 3 for IPTS measurements of corneal tissue since cornea has been

measured to be nearly incompressible (v~0.48) as it is about 80% water {6].

As discussed in Chapter 4, surface vaporization results in a recoil stress o

re

cot A1 the Z
direction. If the sample is pure water with v approximately equal to 0.5 the strain in the 2

direction described by Eq. (A.7) may be written as:

p 0 Gnroil

£:=(p[T_(z,t)]_ ')*Tb (A.15)

O,...i/K, may be termed ¢, , as in Eq. (4.11). This expression may be substituted into

€COl.

Eq. (A.1) to yield:

Az(t) = (—p"——l

p[ T(z,t)]

The first integral is the same as the first term on the right hand side of Eq. (4.10) while the

dZ +f 8recoildZ
0

(A.16)

second integral is the same as the third term on the right hand side of Eq. (4.10).
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