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The Thermodynamic Response of Soft Biological Tissues to Pulsed
Ultraviolet Laser Irradiation

V. Venugopalan,** N. S. Nishioka,* and B. B. Mikik9
*Wellman Laboratories of Photomedicine, Harvard Medical School, Massachusetts General Hospital, Boston, Massachusetts 02114; and
*Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 USA

ABSTRACT The physical mechanisms that enable short pulses of high-intensity ultraviolet laser radiation to remove tissue,
in a process known as laser ablation, remain obscure. The thermodynamic response of biological tissue to pulsed laser
irradiation was investigated by measuring and subsequently analyzing the stress transients generated by pulsed argon
fluorine (ArF, A = 193 nm) and krypton fluorine (KrF, A = 248 nm) excimer laser irradiation of porcine dermis using thin-film
piezoelectric transducers. For radiant exposures that do not cause material removal, the stress transients are consistent with
rapid thermal expansion of the tissue. At the threshold radiant exposure for ablation, the peak stress amplitude generated by
248 nm irradiation is more than an order of magnitude larger than that produced by 193 nm irradiation. For radiant exposures
where material removal is achieved, the temporal structure of the stress transient indicates that the onset of material removal
occurs during irradiation. In this regime, the variation of the peak compressive stress with radiant exposure is consistent with
laser-induced rapid surface vaporization. For 193 nm irradiation, ionization of the ablated material occurs at even greater
radiant exposures and is accompanied by a change in the variation of peak stress with radiant exposure consistent with a
plasma-mediated ablation process. These results suggest that absorption of ultraviolet laser radiation by the extracellular
matrix of tissue leads to decomposition of tissue on the time scale of the laser pulse. The difference in volumetric energy
density at ablation threshold between the two wavelengths indicates that the larger stresses generated by 248 nm irradiation
may facilitate the onset of material removal. However, once material removal is achieved, the stress measurements
demonstrate that energy not directly responsible for target decomposition contributes to increasing the specific energy of the
plume (and plasma, when present), which drives the gas dynamic expansion of ablated material. This provides direct evidence
that ultraviolet laser ablation of soft biological tissues is a surface-mediated process and not explosive in nature.

GLOSSARY

mass number, (-)
speed of light in vacuum = 2.99792 X 108 m S-1
propagation speed of a longitudinal acoustic wave (m s-1)
propagation speed of a longitudinal acoustic wave in region i,
i being an integer (m s-1)
specific heat at constant pressure (J kg-' K-1)
specific heat at constant volume (J kg-' K-1)
capacitance, (F)
proton charge = 1.60219 X 10-19 C
piezoelectric stress constant of the PVDF film (CN-1)
photon energy with wavelength A (eV)
exponential of x
Fourier number of laser irradiation relative to the optical
penetration depth (= agtp), (-)

Fourier number of laser irradiation relative to the size of a

tissue matrix element (= atp/82) (-)

Gaunt factor (-)
specific enthalpy (J kg-') or Planck's constant = 6.62618 X

10-34 J s

h/21-r = 1.05459 X 10-34 J s

Boltzmann constant = 1.38066 X 10-23 J K-1
natural logarithm of x
electron mass = 9.10953 X 10-31 kg
proton mass = 1.67265 X 10-27 kg
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mass flux (kg m-2 s-1)
Mach number of flow in region i, (= u,Ici), (-)
electron density (m-3)
ion density (m-3)
proton density (m-3)
on the order of x
pressure in region i, i being an integer (Pa)
laser irradiance (W m-2)
incident laser irradiance, (W m-2)
universal gas constant = 8.314 J mol-1 K-1
optical thickness of a plasma layer, (-)
time, (s)
laser pulse duration, (s)
temperature, (K)
electron temperature, (K)
ambient temperature, (°C)
velocity in region i, i being an integer, (m s-1)
plasma velocity (m s-')
shock velocity (m s-1)
vapor velocity (m s-1)
specific volume in region i, i being an integer (m3 kg-1)
voltage (V)
work done per unit area (J m-2)
mass fraction of component A (-)
vapor thickness (m)
atomic number (-)

Greek Symbols
a thermal diffusivity (m2 s-1)

characteristic size of the tissue chromophore (m)
5etch thickness of tissue etched away by the ablation process (m)
AH change in enthalpy (J mol-F)
AS change in entropy (J mol-F K-1)

Nomenclature
A
c

Ca

Ci

cp

cv

e
e33
EA

exp(x)
Fo

Fo8

g
h

k
ln(x)
me

mp
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Eo permittivity of free space = 8.85419 X 10-12 c2 j-1 m-1
E specific internal energy (J kg-1)

elf incident radiant exposure (J m-2)
Elf threshold radiant exposure at which bulk material removal is

achieved (J m-2)
E" volumetric energy density (J m-3)
E't threshold volumetric energy density at which bulk material

removal is achieved (= Utk ) (J m 3)
(Di Mi (M2 + 3)/2 (-)
'yi ratio of specific heats (= cplcv) in region i (-)
A laser wavelength (m)
A multiplicative constant used in scaling law for rapid surface

vaporization (kg"rm s 2/3)
Amax largest allowable value for A, defined by Eq. 4 (kg13m-'s-2/3)
Ap multiplicative constant used in scaling law for plasma-

mediated ablation (kg1/4m- s- 1/2)
PAa optical absorption coefficient of incident radiation within target

(m-l)
p plasma optical absorption coefficient (m-1)
Q1 Arrhenius damage integral defined by Eq. 7
Ir 3.14159...
H compression ratio across the shock front produced by rapid

surface vaporization, defined by Eq. 16
p material density (kg m-3)

up peak compressive stress (Pa)
0th peak compressive stress generated by irradiation at the

threshold radiant exposure Elf (Pa)
Tm dimensionless mechanical equilibration time of the layer

heated by laser irradiation (= uaCatp), ()
defined by Eq. 25, (i6kg- 2 S-3)

INTRODUCTION

Pulsed lasers are widely used in surgery because of their
ability to rapidly and precisely coagulate, incise, and excise
tissue. They are currently employed in numerous applica-
tions in a range of surgical subspecialties such as gynecol-
ogy, ophthalmology, orthopedics, otolaryngology, and neu-
rosurgery (Dixon, 1982). Despite the widespread use of
lasers, the physical mechanisms that control laser-tissue
interactions are poorly understood. A deeper understanding
of these processes would facilitate the development of new
laser applications, avoid potential deleterious effects of la-
ser radiation, and advance basic research dealing with bio-
logical effects that stem from these interactions. This has
motivated many investigators to examine the mechanisms
by which pulsed laser radiation removes biological tissue.
Over the last decade research has shown that tissue removal,
also termed laser ablation, can be mediated by photothermal
(e.g., vaporization, pyrolysis), photomechanical (e.g., ther-
mally induced fracture), and perhaps photochemical (e.g.,
ablative photodecomposition) mechanisms (Albagli et al.,
1994a; Srinivasan et al., 1987; Walsh et al., 1988; Zweig,
1991). The relative contribution of these mechanisms to the
onset of material removal can be modulated through the
appropriate choice of laser wavelength, optical penetration
depth, laser spot size and pulse duration. Nevertheless, it is
still not possible to make an a priori prediction of the
mechanism that leads to the onset of material removal when
the laser and tissue parameters are specified. Such a capa-
bility would be tremendously powerful, since it would lead

of tissue to a given laser-tissue interaction. In addition, this
capability would limit the number of experiments necessary
to assess the suitability of a laser and optimize its parame-
ters for a given clinical application.

Such a conceptual understanding of these processes, and
the conditions under which they are operative, is more likely
to be achieved when a time-resolved measurement of the
dynamic response of tissue to irradiation is combined with
theoretical analysis to relate the measurements with charac-
teristics of known phenomena. As ablation processes are
confined to small spatial and temporal scales, both tasks are
difficult because of the limitations of existing experimental
approaches and inadequate information about the dynamic
optical and physical properties of tissues. In this study we
measure the stress transients generated by pulsed ultraviolet
(UV) laser irradiation and ablation of tissue and analyze this
information to determine the mechanism that mediates the
interaction.

In this report, time-resolved stress measurements are
combined with modeling and theoretical analysis to charac-
terize the dynamics of pulsed UV laser irradiation and
ablation of soft biological tissues. The measurement of
laser-induced stress transients was chosen because these
stresses arise through transient heating of the target as well
as by recoil of ablated material. This permits an examination
of the mechanisms responsible for the onset of material
removal at very low radiant exposures as well as any
changes in the ablation mechanism that may occur at larger
radiant exposures once material removal has been achieved.
In this respect, the measurement of stress transients has
broader applicability than other diagnostic techniques such
as flash photography, pump-probe techniques to measure
plume dynamics, and interferometric techniques that mea-
sure front surface deformation of the target (Albagli et al.,
1994a; Domankevitz and Nishioka, 1990; Walsh and
Deutsch, 1991). In addition, because the recoil stresses
generated by laser ablation of tissues have been shown to
cause cellular injury in the region surrounding the ablation
site (Doukas et al., 1995; Lustmann et al., 1992; Yashima et
al., 1991), the magnitude and temporal structure of the
stresses generated by ablative recoil are of great interest.
This may facilitate a correlation between the characteristics
of the stress transients and the extent of the resulting cellular
injury.

Material removal requires the breaking of bonds, which
can be achieved by several processes. For example, irradi-
ation causes the rapid thermal expansion of the tissue whose
associated mechanical stresses may cause material fracture
(Dingus and Scammon, 1991). Alternatively, the absorption
of laser energy may produce a phase change in the cellular
or extracellular tissue elements or the tissue water. Also,
possible modification of the tissue's mechanical integrity
through the absorption of radiant energy must be considered.
In this study we examine the following two hypotheses.

First, we postulate that the chromophore and its role in
preserving the mechanical structure of tissue are important
factors that affect the mechanism and dynamics of the
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ablation process when the following two conditions are
satisfied. 1) The laser pulse duration tp is small relative to
the characteristic thermal diffusion time across the optical
penetration depth, i/agu2. This condition is satisfied when
the Fourier number is less than or on the order of 1. That is,
when Fo = agt2tp ' C(1), where a and t'1 are thermal
diffusivity of the tissue and the characteristic optical pene-
tration depth of the laser radiation (scattering is assumed
negligible), respectively. 2) The laser pulse duration tp is
small relative to the characteristic thermal diffusion time
across the characteristic length scale of the chromophore
82/a. That is, when Fo6 = at1/82 < C(1), where 8 is the
characteristic size of the tissue chromophore.

Under these conditions, energy transport away from the
heated volume via diffusion is negligible during irradiation,
and the energy absorbed by the chromophore is not trans-
ported to neighboring structures. Thus, deposited energy is
confined to the tissue chromophore and selective photother-
molysis (Anderson and Parrish, 1983) of the chromophore
should be considered as a potential mechanism for laser
ablation. If the chromophore is the tissue extracellular ma-
trix (ECM), the mechanical integrity of the tissue is directly
targeted and may result in the breaking of bonds to allow
material removal. Conversely, if the chromophore does not
play an active role in preserving the mechanical integrity of
tissue, the dynamics of material removal should be quite
different. For example, if water is the dominant chro-
mophore (e.g., infrared (IR) laser ablation), the mechanical
integrity of the ECM is not targeted directly. In this case, to
achieve material removal the heated water must expand,
thereby straining and finally fracturing the ECM compo-
nents. This would likely lead to a slower, albeit more
explosive, dynamic process. As such, one may expect a
fundamentally different ablation mechanism by simply
changing the tissue chromophore without changing param-
eters which would alter the thermal and mechanical tran-
sients that are generated on the macroscopic scale. There is
circumstantial evidence to support this hypothesis. A recent
study by Edwards et al. (1994) presents results (gross his-
tology and mass removal data) that indicate that ablation of
tissue using 6.45 ,um radiation absorbed primarily by the
amide II band of the collagen molecule may cause material
removal of soft tissues through modification of the tissue
collagen. Such a process would be unlike other IR ablation
processes where water is the dominant chromophore (Ed-
wards et al., 1994). However, data that would directly point
to a different dynamic process in this case are still lacking.

Second, we postulate that the contribution of photome-
chanical mechanisms to material removal are likely to be
significant only when the magnitude of laser-induced
stresses is sufficient to cause mechanical fracture or induce
cavitation. As suggested by Albagli et al. (1994b), a me-
chanical mechanism for material removal should be ener-
getically more efficient than vaporization processes because
every bond in the ablated mass need not be broken for
material fracture. The contribution of photomechanical

when the stresses generated at radiant exposures below the
onset of material removal approach the ultimate tensile
strength of the target. This is likely to occur when the laser
pulse duration tp becomes shorter or comparable to the
mechanical equilibration time of the heated volume. That is,
when the dimensionless mechanical equilibration time of
the laser-heated layer, Tm = 1laCatp C C(1) where Ca is the
speed of longitudinal wave propagation in the medium.

In this study the stress transients generated in reticular
porcine dermis by nanosecond pulses of 193 and 248 nm

radiation were measured in vitro. By using ultraviolet wave-
lengths, the dynamics of ablation in which the tissue ECM
is directly targeted by the radiation can be examined. Also,
because mechanical equilibration of the heated volume is
allowed during 193 nm irradiation and disallowed for 248
nm irradiation, the contribution of photomechanical mech-
anisms to the material removal process when the tissue
ECM is directly targeted is also examined.
At both 193 and 248 nm, collagen is the dominant chro-

mophore of the laser radiation in reticular dermis (Venugo-
palan, 1994). Collagen type I is the primary ECM protein in
the dermis, comprising roughly 30% of the dermis by
weight and responsible for maintaining the structural integ-
rity of the dermis (Parry and Craig, 1984). Specifically, 193
nm radiation is likely absorbed by the peptide bonds
(-CONH-) along the backbone of the collagen molecule.
For 248 nm radiation the aromatic amino acids tryptophan,
tyrosine and phenylalanine, present as residues in the pri-

mary protein sequence of collagen, are the dominant chro-
mophores. The contribution of nucleic acids, which absorb
light about 10 times more strongly as do the aromatic amino
acids at 248 nm, can be ignored since the reticular dermis is
almost acellular and nearly devoid of nucleic acids (Lynch
et al., 1987). Thus, for irradiation at these wavelengths the
mechanism for the onset of tissue removal should bear
direct connection to the absorption of laser radiation by the
collagen within the reticular dermis or by the stress tran-
sients induced by the absorption of laser energy.

MATERIALS AND METHODS

Thin sections of porcine reticular dermis ('400 ,um thick) were prepared
using a pneumatic vibrating dermatome (Zimmer, Concord, MA) from
specimens acquired immediately postmortem. Samples were kept refriger-
ated and hydrated in saline (Baxter Healthcare Corp., Deerfield, IL) until
use. Sections were irradiated within 18 hours of acquisition with pulses
generated by an excimer laser (Lambda Physik EMG 103/MSC, Acton,
MA) using either argon fluorine or krypton fluorine gas fills. The specific
laser and tissue parameters and the characteristic time scales involved in
the laser-tissue interaction are shown in Table 1.

The active element of the stress transducer was a 9 ,um thick film of
piezoelectric polyvinylidene fluoride film with 60 nm thick aluminum
electrodes vapor deposited on both sides (AMP Inc., Harrisburg, PA). The
sections of dermis were acoustically coupled to the film surface with a thin
layer of saline. The film was attached to a plexiglas stub using rubber
cement. This stub has an acoustical impedance nearly identical to the tissue
and serves as a medium through which stress waves can pass from the
tissue. The electrical output of the transducer was taken via a 320 mm long
coaxial cable and 50 fl matching resistor in series to a 1-Mfl impedance

mechanisms to material removal should become significant
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TABLE I Relevant laser parameters and dimensionless time scales for ArF and KrF-excimer laser irradiation of porcine dermis

Laser A (nm) E. (eV) tp (ns) pla (gtm) Tm (= PUaCatp) Fo (- ap.2tp) Fo8* ( atpAS2)

KrF-excimer 248 5.0 24 30t 1.2 3.5 X 10-6 0.3-3.0 X 10-2
ArF-excimer 193 6.4 22 0.35§ 94 3.2 X 10-2 0.3-3.0 X 10-2

*A range for this parameter exists because the diameter of collagen fibrils vary between 1 and 3 ,um in reticular dermis (Smith et al., 1982).
1Value reported by Dyer and Al-Dhahir (1990).
§Value derived by applying a Beer's law model for material blow-off from etch depth versus radiant exposure data as presented by (Ediger et al., 1993).
This value represents an upper bound for A-1 because material removal commences during the laser pulse.

AD 7912, 750-MHz bandwidth). In this arrangement, the time-varying
voltage V(t) generated between the film electrodes by a uniaxial stress
transient whose stress component perpendicular to the film surface o(t) is
given by Dyer and Srinivasan (1986) and Schoeffmann et al. (1988):

V(t) =C + C A0(t) (1)
CD + L

where e33 is the piezoelectric constant of the PVDF film in pure compres-
sion; CD and CL are the capacitances of the transducer and the load,
respectively; and A is the surface area of the region affected by the stress
transient. The temporal resolution of the transducer is '5 ns (Venugo-
palan, 1994) and provides a reproducible response for stresses up to ar =
1010 Pa (Lee et al., 1990). The signal recorded by the digitizer was
transferred to a microcomputer (Macintosh LC, Apple Computer, Cuper-
tino, CA) via an RS-232 port.

The optical components were arranged as shown in Fig. 1. An 8-mm
diameter aperture was used to select a uniform potion of the laser output.
The laser beam then propagated through a set of attenuators, a beam
splitter, a 160-mm focal length lens, and a prism that deflected the beam
onto the target surface. The optics were composed of UV-grade quartz. The
laser pulse energy incident on the target was determined by measuring the
energy of the split-off portion of the beam with a pyroelectric detector
(Molectron Detector, Inc., Portland, OR, Model J3-09) and correcting for
the reflection losses at the optical interfaces and the absorption losses in the
quartz optics. The pulse energy was varied by changing the number and/or
thickness of quartz flats used as attenuators. The average radiant exposure
,EO incident on the target surface was calculated by dividing the incident
laser energy by the area of the irradiated spot. The spot area was deter-
mined by the pattern formed by laser irradiation on laser burn paper
(Kentek, Pitsfield, NH) which was found to correspond to the lie2 spot size
within ±20%.

The measurements were made as follows. The tissue sample was placed
on the transducer surface with a thin layer of saline in between to provide

To Oscillosco

acoustic contact. The sample was sufficiently thick to absorb all the
delivered radiation. The irradiation resulted in the generation of stresses
within the heated region as well as recoil stresses imparted to the tissue
surface when material removal was achieved. These stresses traversed the
tissue thickness and stressed the piezoelectric film, thereby producing
the measured voltages. To ensure that the stress waves remained planar
during their transit across the tissue thickness, the laser spots used were
always >1 mm in diameter. This eliminated geometric attenuation of the
stress wave and minimized effects of acoustic absorption and dispersion on
the stress transient (Sigrist, 1986; Venugopalan, 1994). The large spot size
also ensured that the expansion of ablated material away from the target
surface took place in a one-dimensional geometry.

RESULTS

KrF-excimer laser experiments: (A = 248 nm)

Typical signals from the transducer generated by KrF-exci-
mer laser irradiation (A = 248 nm) of porcine dermis are
shown in Fig. 2. A positive stress denotes compression and
each trace is normalized relative to its peak compressive
stress. The signals produced by radiant exposures ranging
from a subablative energy dose to a strongly ablative dose
are represented by traces 2 a-d. Trace 2 a is a bipolar stress
transient, (i.e., it has both compressive and tensile compo-
nents) and is characteristic of stress transients produced
by the rapid thermal expansion of the tissue (Dyer and
Al-Dhahir, 1990), sometimes referred to as the thermoelas-

1.(

)pe cc 0.5
a)

a~~~~; ()0.0

-1.0

Transient Digitizer

FIGURE 1 Experiment setup for measurement of laser-induced stress
transients in tissue.

-50 0 50 100 150 200 250 300
tinme (ns)

FIGURE 2 Transducer signals resulting from KrF-excimer laser irradi-
ation (A = 248 nm) of porcine dermis in air. The radiant exposure and peak
compressive stress for each trace are: (a) e' = 420 J m-2, ap = 5.2 X 106
Pa; (b) E' = 2060 J m-2,o-p = 2.4 X106 Pa; (c)E' = 2200 J m2,-
2.6 X 106 Pa; (d) e" = 1.1 X 104 J m-2, op = 2.0 X 107 Pa.
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tic effect. The stresses return to baseline in approximately
220 ns. As the radiant exposure is increased to the threshold
radiant exposure of ablation (as determined in the Anal-
ysis section), the stress transient (trace 2 b) remains
essentially unchanged with the exception that the tensile
portion of the thermoelastic stress recovers to baseline
more quickly. Once the radiant exposure exceeds this
threshold, the magnitude of the tensile portion of the
stress wave is reduced relative to the compressive com-
ponent as shown in trace 2 c. Finally, at large radiant
exposures where material removal is observed visually,
the tensile stresses produced by the thermoelastic mech-
anism are completely obscured by the compressive recoil
stress imparted to the tissue surface by the ablation
products. In this case, only a unipolar compressive stress
transient is measured. This stress transient reaches its
maximum value on the same time scale as the ther-
moelastic stresses and returns to baseline after a few
hundred nanoseconds.
The peak compressive stress op generated by KrF-

excimer laser irradiation of porcine dermis is plotted
versus incident radiant exposure in Fig. 3. For radiant
exposures below ablation threshold, the peak stress in-
creases linearly with radiant exposure as expected from
thermoelastic stress generation. However, at a radiant
exposure E' 2000 J m-2 the peak compressive stress
produced by ablative recoil dominate those produced by
the thermoelastic response and the variation of the peak
compressive stress versus incident radiant exposure de-
viates from this linear behavior.

ArF-excimer laser experiments: (A = 193 nm)

Typical stress transients generated by 193 nm (ArF-excimer
laser) ablation of porcine dermis are shown in Fig. 4. Each
trace is normalized relative to its peak compressive stress.
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FIGURE 3 Peak compressive stress generated by KrF-excimer laser
(A = 248 nm) irradiation of porcine dermis o-p versus incident radiant
exposure EO.
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FIGURE 4 Transducer signals generated by ArF-excimer laser ablation
(A = 193 nm) of porcine dermis in air. The radiant exposure and peak
compressive stress for each trace are: (a) E' = 570 J m-2, o(p = 1.1 X 106,
Pa; (b) E' = 2160 J m-2, Up = 1.4 X 107 Pa; (c) E' = 5280 J m-2, a-p =
3.9 x 107 Pa.

No thermoelastic stresses resulting from 193 nm irradiation
were observed. The transients shown in Fig. 4 result from
the ablation of porcine dermis by pulsed 193 nm radiation at
radiant exposures, the first (Fig. 4, trace a) at a radiant
exposure close to the ablation threshold, the second and
third (Fig. 4, traces b, c) at much higher radiant exposures).
The transients are purely compressive and remain nearly
unchanged with regard to their temporal structure, with the
exception that the rise time of the transient decreases
slightly with increasing radiant exposure. The peak com-
pressive stress generated by ArF-excimer laser ablation of
porcine dermis is plotted versus incident radiant exposure in
Fig. 5. For incident radiant exposures larger than E'- 1200
J m-2 a visible flash was occasionally observed at the time
of irradiation over the ablation site and was always observed
for E'0 2500 J m-2.

ANALYSIS

KrF-excimer laser irradiation

Three characteristics of the stress transients produced by
248 nm irradiation of porcine dermis require further con-
sideration. First, stress transients consistent with the ther-
moelastic effect are measured for radiant exposures below
the threshold radiant exposure for material removal. The
appearance of stress transients whose temporal structure and
magnitude are consistent with a thermoelastic response in-
dicates that at subablative exposures, the laser energy,
which is absorbed by exciting electronic bands within the
collagen molecule, is quickly transferred to the vibrational
modes causing heating of the collagen fibrils within the
dermis.

Second, as the incident radiant exposure was increased,
the tensile component of the waveform became smaller

Venugopalan et al. 1263
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FIGURE 5 Peak compressive stress generated by ArF-excimer laser (A
= 193 nm) ablation of porcine dermis op versus incident radiant exposure
E". Plasma was occasionally observed for E' 2 1200 J m-2 and consis-
tently observed for ej' ' 2500 J m

relative to the compressive component and was entirely
nonexistent at the highest incident radiant exposures tested.
The reduction of the tensile component of the stress wave is
likely due to the onset of material removal on the same time
scale as the generation of the thermoelastic stresses. The
recoil imparted by the ablated material leaving the surface
provides a compressive stress, which serves to cancel a
portion of the tensile stress generated by the thermoelastic
mechanism. At higher radiant exposures the tensile compo-
nent of the thermoelastic stress is not seen because the
compression provided by material removal dominates the
tensile component of the thermoelastic stresses. This is also
evident in Fig. 3 where the variation of peak stress with
incident radiant exposure is no longer linear above E"
2000 J m-2.

Last, over the range of radiant exposures tested, the rise
time of the stress transients remains nearly constant. That is,
the rise time of the thermoelastic stress transients and stress
transients generated by the recoil of ablation products are
essentially identical (Fig. 2, traces a and d). Thus, the onset
of material removal for KrF-excimer laser ablation appears
to commence during irradiation as has been corroborated by
other studies (Cross et al., 1987; Dyer and Al-Dhahir, 1990;
Srinivasan et al., 1987).

High-speed photographic studies of tissue ablation using
ArF- and KrF-excimer lasers indicate that the plume gen-
erated by ArF- and KrF-excimer laser ablation of tissue is
composed of fine droplets of condensed material (Puliafito
et al., 1987a). This suggested that ablation may be success-
fully modeled as a rapid surface vaporization process and
allow a prediction of the measured stresses once the the
process of ablative recoil dominates thermoelastic stress
generation. To model this process we assume that surface
absorption of the laser energy creates vapor of high tem-
perature and pressure adjacent to the target surface during

irradiation. The expansion velocity of the vapor u, is as-
sumed to be large compared with the sound velocity in the
surrounding medium c1. This results in the radiation of a
shock wave traveling at velocity us. Fig. 6 is a schematic of
this situation, where the vaporization process is modeled as
a piston moving at a velocity uv into the surrounding gas.
The assumption that a supersonic flow is generated by

laser ablation can be rationalized as follows. Applying mo-
mentum conservation at the tissue surface, the expansion
velocity of the ablated products can be estimated as uv
O'pt/P6etch, where t is the characteristic time over which the
material is ejected, o(p is the peak stress, p is the tissue
density, and Setch is the depth to which the tissue has been
removed. If we take t 80 ns (the width of the ablative
stress transient at the half peak stress level) and p = 1000 kg
m-3, and we consider 193 nm ablation, at two radiant
exposures (e.g., E" = 700 and 5000 J m-2) the correspond-
ing etch depths Setch are 0.1 and 0.8 ,um, respectively
(Ediger et al., 1993). Our measurements give corresponding
values for op of 2 X 106 and 3.2 X 107 Pa, respectively.
Substituting these values into the expression above we find
UV --1600 and 3200 m s-1 at the low and high radiant
exposures, respectively. Both values are well in excess of

ut.>C1

vapor: P2, P2

- irradiance q'

air: Pl, Pi

Us

FIGURE 6 Graphic representation of excimer-laser ablation of porcine
dermis along with a schematic of the piston model used to describe the
process. Velocities in the model representation are given in the laboratory
reference frame.
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cl = 331 m s-1 under STP conditions, making supersonic
flow likely.

Analysis proceeds by solving the mass, momentum, and
energy conservation equations to determine the pressure in
the vapor P2, which is equal to the recoil stress perpendic-
ular to the target surface. Details of the analysis are pre-
sented in Appendix I, and only the result is shown and
discussed here. Assuming the velocity of the vapor to be
much larger than the speed of sound in the surrounding air
c1, the pressure of the vapor adjacent to the target P2 is given
by:

P2=[~1~1 +1)p,]112 (,y2 (2)2/
P2=

2 Z (2)

where Pi is the ambient pressure and Yl and y2 are the ratio
of specific heats, cp/cv, in regions 1 and 2, respectively.

Eq. 2 may not be directly applicable to the data because
the laser irradiance delivered to the target was not constant
in time. Also, because the laser pulses are of such short
duration, a steady-state vaporization process may not be
established. However, because the dynamics of the ablation
process show little temporal delay with respect to the laser
pulse (Dyer and Srinivasan, 1986; Srinivasan et al., 1987),
changes in the laser irradiance result in a nearly instanta-
neous change in the ablation dynamics and recoil stress.
Thus, we can modify Eq. 2 in the following manner. As the
temporal shape of the laser pulse is invariant for changes in
E", the incident irradiance qO can be replaced by incident
radiant exposure divided by the pulse duration, Ea/tp. In
addition, because the threshold radiant exposure E4 does
not contribute directly to heating the plume of ablated
material it should be subtracted from the incident radiant
exposure. This leads to the following scaling law for the
peak recoil stress:

= A(Eo'- E)2/3. (3)

where A is a parameter that can be adjusted subject to the
restriction that it is less than the value given by the steady-
state solution, as this would violate the conservation equa-
tions. Thus A must satisfy the condition:

A -< Amax = {[iYi+1)(42 y-1}1
{[ 2 ] Y2CItp}

The value for Amax is 5.9 X 104 kg1/3 m-1 S-2/3 for
KrF-excimer laser ablation and 6.2 X 104 kg1/3 m-1 S-2/3
for ArF-excimer laser ablation. A derived value of A sig-
nificantly lower than Amax would indicate that a steady-state
vaporization process is not achieved early in the laser pulse
and that a significant amount of laser energy contributes to
the acceleration of the ablated mass to the steady-state
velocity.

In Fig. 7 the peak compressive stress data for KrF-
excimer laser ablation is shown along with the best fit of
scaling law to the data. This fit is achieved with A = 5.8 X
104 kg"13 m-1 S-2/3 and is nearly identical to but smaller
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FIGURE 7 Peak compressive stress generated by KrF-excimer laser (A
= 248 nm) irradiation of porcine dermis o(p versus incident radiant expo-
sure E4. The solid line is the best fit of the thermoelastic data to the scaling
op X E'. The solid curve is the best fit of the ablative recoil data to the
scaling law for rapid surface vaporization given by op = A(E' - E )2/3
where A = 5.8 X 104 kg"3m- S-2/3 and E' = 2100 J m-2.

than Amax. This indicates that the onset of material removal
occurs soon after the threshold radiant exposure is delivered
and a steady-state vaporization process is established. This
is fully consistent with the hypothesis that ablation is
achieved through rapid surface vaporization of tissue during
irradiation. Note that using this scaling law to fit the data
yields a threshold radiant exposure for material removal of

th = 2100 J m-2, which is much lower than that derived
from etch depth studies (Puliafito et al., 1987b) but consis-
tent with other photoacoustic studies (Dyer and Al-Dhahir,
1990). This suggests that the recoil stresses generated by
material removal is a more accurate means of determining
the threshold radiant exposure for ablation than extrapola-
tions from gross material removal data.

ArF-excimer laser irradiation

The stresses generated by ArF-excimer laser ablation of
porcine dermis differ in many respects from those measured
in the KrF-excimer laser irradiation study. No thermoelastic
stresses were observed for 193 nm irradiation because the
threshold radiant exposure for ablation is smaller, and sig-
nificant mechanical equilibration of the heated layer occurs
during the laser pulse. This results in the generation of
thermoelastic stresses smaller than the transducer sensitivity
(Venugopalan, 1994). Although thermoelastic stresses were
not measured, the stress transients due to ablative recoil
have a rise time that indicates that the onset of material
removal is rapid and occurs on the time scale of the laser
pulse. This is consistent with the results of Srinivasan et al.
(1987), who performed similar measurements with --30 ,tm
thick samples of bovine cornea and were able to show that
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the onset of material removal occurs during irradiation of
the target. However, unlike KrF laser irradiation, plasma
formation is observed during the ablation process for radiant
exposures greater than E'- 1200 J m-2. This is probably
induced by high temperatures within the ablative plume
arising from the high volumetric energy density achieved by
ArF-excimer laser irradiation. Because the plasma partially
absorbs the laser radiation, the gas dynamics of the material
removal process is altered and affects the resulting recoil
stresses generated by the ablation process.
To model plasma-mediated ablation we consider a one-

dimensional geometry and assume the ablation process cre-
ates a high-temperature and high-pressure plasma adjacent
to the target surface during irradiation. As the plasma ex-
pands and cools, it recombines to form a simple vapor. The
expansion velocity of the plasma is assumed to be large
compared with the sound velocity in the surrounding me-
dium and results in a shock wave traveling at velocity us.
However, because the plasma also absorbs some energy, the
shock wave will be followed by a deflagration wave. Fig. 8
is a schematic of this situation along with a representation of
the variation in pressure in this flow. Details of this analysis
are presented in Appendix II, and only the result is dis-
cussed here.

pl-asnma air

P2, P2 ' P3, P3 ' P4, P4

U2 4u3 =0
- -\ L*

\ shock front

airtarget plasma ,comp. gas,

'~~ ~

1 2
2

3

A gas dynamics analysis yields the following expression for
the pressure at the leading edge of the plasma for plasma-
mediated ablation processes (Hughes, 1975; Kidder, 1968):

S)1/8
P3= ,,,s,6)~x1-/4tp-1/8q 13/4 (5)

where A is the irradiation wavelength, S and . are related to
the properties of the plasma, and (D3 is related to the
dynamics of the ablative flow. S, , and cI3 can be taken as
constant, since they are independent of laser parameters
(Kidder, 1968). As in the model for rapid surface vaporiza-
tion, we cannot use the expression derived from this steady-
state analysis directly. Modifying Eq. S in the same fashion as
we modified Eq. 2 above leads to the following scaling law:

rj, = AP(Efof -E)3/4 (6)

where AP is an adjustable parameter for the plasma-
mediated ablation.

In Fig. 9 we fit the data to the scaling laws for rapid
surface vaporization and plasma-mediated ablation given by
Eqs. 3 and 6. Note again that the fit to the rapid surface
vaporization data is achieved with A = 6.3 X 104 kg"3 m-'
s-2/3, which is, as in KrF-excimer laser ablation, practically
equal to Amax for ArF-excimer laser ablation. The scaling
law for rapid surface vaporization provides an excellent fit
to the data at low radiant exposures but underestimates the
stresses once the irradiation results in plasma formation.
Once plasma formation fully mediates the ablation process,
the peak compressive stress is well described by the scaling
law for laser-induced plasma formation and expansion.
Thus these two models effectively provide lower and upper
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FIGURE 8 Graphic representation of model used to describe the stresses
generated by laser-induced plasma formation and expansion.

FIGURE 9 Peak compressive stress generated by ArF-excimer laser
(A = 193 nm) ablation of porcine dermis op versus incident radiant
exposure 4'. ( ) Best fit of the ablative recoil data to the scaling law for
rapid surface vaporization given by op = A(Eo- E"j)213 where A = 6.3 X
104 kgl3m- 's-2/3 and E' = 500 J m-2. (----) Best fit of the data to the
scaling law for plasma-mediated ablation given by 0p = Ap(e' - E )3/4
where Ap = 6.3 x 104 kg"4m-ls-1/2 and E4 = 500 J m-2 Plasma was
occasionally observed for e' 2 1200 J m-2 and always observed for E' 2
2500 J 2
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bounds for the compressive ablative recoil stress generated
by 193 nm laser ablation.

DISCUSSION

For both KrF- and ArF-excimer laser ablation of porcine
dermis, we have established that the characteristics of the
process are consistent with the view that UV irradiation
produces dissolution of the tissue during the laser pulse
through the deposition of the threshold incident radiant
exposure for ablation 4. Further, the energy that does not
contribute directly to material removal increases the specific
energy of the ablation plume, thereby increasing its temper-
ature, which sometimes results in plasma formation and
pressure, which drives a gas-dynamic expansion. However,
the mechanism by which the vaporization or dissolution of
tissue is achieved by the irradiation has not been addressed.
While the results of the experiments cannot directly resolve
this issue, we can use physical reasoning to infer what these
mechanisms might be.

Photomechanical processes are unlikely to be the sole
means for material removal because the recoil stresses are
consistent with a process of rapid surface vaporization, and
the stresses generated at E4 are much smaller than the
ultimate tensile strength (UTS) of porcine dermis, sUTs
8-10 MPa (Yamada, 1970). Accordingly, we search for a
mechanism that allows for decomposition or modification
of the mechanical integrity of tissue during the laser pulse.
This mechanism must provide a direct means for material
removal or, in the case of KrF irradiation, allow the sub-
stantial thermoelastic stresses generated by the laser irradi-
ation to facilitate material removal. It is possible that tem-
perature rise produced by the absorption of laser energy
by the ECM leads to denaturation of tissue proteins on the
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time scale of the laser pulse (Edwards et al., 1994; Venugo-
palan, 1994). Because denaturation of collagen is accompa-
nied by the rupture of intermolecular hydrogen bonds
(Burdzhanadze and Bezhitadze, 1988), which are neces-
sary for collagen fibers to bear physical stresses (Nimni,
1983), denaturation is a viable mechanism for tissue
decomposition.
To establish the time scale of denaturation, the denatur-

ation process will be treated via the theory of absolute
reaction rates. Within this context, denaturation can be
thought of as a transformation from a native state A to a
denatured state B through a process that passes through an
activated state A*, which lies at a Gibbs free energy greater
than both states A and B. Since the equilibrium concentra-
tions of A and A* are temperature dependent, the transfor-
mation A -> B is temperature dependent. Thus, to determine
the amount of complex A that is converted to B, the tem-
perature history must be known. Using the theory of abso-
lute reaction rates one can derive the time-varying concen-
tration of complex A xA(t) remaining at any time during the
temperature transient T(t) (Glasstone et al., 1941):

XA(t°) ]fl(t) = -In[JA(t) 0]

JtkT(t') ex-[H- T(t')AS]
h

I RT(t')

(7)

where k, h, AH, AS, and R are the Boltzmann constant,
Planck constant, activation enthalpy, activation entropy, and
universal gas constant, respectively.

Eq. 7 shows that both enthalpic and entropic contribu-
tions are important when considering the kinetics of such
rate processes. For protein denaturation both the enthalpy
and entropy of activation are quite large (Glasstone et al.,
1941). In this limiting case, AH - TAS becomes the dif-
ference between two large numbers and the exponential
term in Eq. 7 becomes such a strong function of temperature
that the preexponential term can be taken as approximately
constant. This permits the definition of a critical tempera-
ture, Tc, such that the region of denaturation (defined as
Q = 1) can be taken as all points where this temperature is
reached. This simplification allows Tc to be approximated
by the implicit relation (Hu and Barnes, 1970):

AH
C R ln(kTctJh) + AS

I, IIII,I,,,,, I,,I,,,, I,, ,

10-9 10-8
Exposure time te (s)

1o-7

FIGURE 10 Plot of critical temperature, Tc versus exposure time t, for
thermal denaturation of dermis. Denaturation is considered complete when
Q = 1.

(8)

where te is the time the complex is exposed to Tc.
For collagen denaturation, the activation enthalpy and

entropy have been determined in mouse dermis to be AH =

4.247 X 105J molF1 and AS = 995.3 J molF1 K'1, respec-
tively (Jacques and Prahl, 1987). This permits a calculation
of the critical temperature Tc versus the exposure time, te.
The result of this calculation is shown in Fig. 10, which
indicates that a temperature rise of -95-100°C is necessary
to achieve protein denaturation on a time scale of 1-10 ns
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for an initial temperature of 22°C. To determine whether
denaturation can be expected to occur over the time scale of
the laser pulse, we must find the temperature rise achieved
within the ECM of the tissue. If no significant energy losses
occur during the irradiation time, the temperature rise in the
ECM at the tissue surface is given by:

PECMCV,ECMXECM'

where PECM, CV,ECM, and XECM are the density, specific heat,
and mass fraction of the ECM, respectively. Assuming that
the properties of the ECM are dominated by the properties
of native collagen at a hydration level of 0.35 g H20/g
tissue, PECM, CV,ECM, and XECM take values of approximately
780 kg m-3, 2300 J kg-1 K-1, and 0.3, respectively (Long
et al., 1993; Mrevlishvili, 1977; Nomura et al., 1977; Parry
and Craig, 1984). Thus, KrF-excimer laser irradiation at the
threshold radiant exposure of E4 = 2100 J m-2 produces a
temperature change at the surface of 130°C that is sufficient
to achieve denaturation of tissue during the irradiation. We
should also mention that because these experiments were
done on a multiple shot basis, the collagen lining the mar-
gins of the ablation crater are already denatured. Thus, at
low radiant exposures, the laser pulses may be simply
removing tissue already denatured by previous pulses.
However, at larger radiant exposures, the etch depth is
larger than the zone of residual damage, and tissue removal
includes material not denatured by previous laser pulses.
The mechanism for material removal in ArF-excimer

laser ablation is likely similar to that of KrF-excimer laser
ablation. This is manifest in the fact that the scaling law for
rapid surface vaporization provides an adequate fit to the
ablative recoil stress data before the onset of plasma forma-
tion. However, the volumetric energy density necessary for
material removal E'h is about 20 times larger in the case of
ArF-excimer laser ablation. While this discrepancy can be
attributed in part to the uncertainty regarding the optical
penetration depth of 193 nm laser radiation in tissue (Ediger
et al., 1993; Puliafito et al., 1985) it is also likely that the
thermoelastic stresses generated by KrF-excimer laser irra-
diation reduce the energy needed to "detach" the ablated
material from the bulk tissue. Because the magnitude of
thermoelastic stresses generated at the ablation threshold
(orth) by 193 nm laser radiation is at least 10 times smaller
(Orth = 0.2 MPa, whereas 0th = 3 MPa for 248 nm irradi-
ation), they may not facilitate the material removal process
which results in the higher energy density necessary to
achieve ablation.

This mechanism of material removal achieved through
targeted destruction of the tissue chromophore implies that
essentially all collagen that is denatured is removed. This
may be the key reason why the morphology of in vitro ArF-
and KrF- excimer laser etching of tissue is free of gross
mechanical injury and exhibits minimal thermal injury
(Lane et al., 1985; Puliafito et al., 1985, 1987b). In contrast,

and TEA CO2 lasers, which are absorbed by water, gross
mechanical tearing and extensive thermal injury occur
(Cummings and Walsh, 1993; Walsh et al., 1988, 1989)
despite comparable optical absorption depths. At these
wavelengths the material removal process is presumably
governed by explosive vaporization of tissue water, which
may lead to significant amounts of the thermal energy at the
ablation site and induce considerable tissue tearing. How-
ever, detailed measurement of the dynamics of the IR laser
ablation process will be needed to validate this hypothesis.

CONCLUSIONS

The stress transients generated by pulsed excimer laser
irradiation and ablation of porcine dermis at A = 193 and
248 nm have been measured. Modeling and theoretical
analysis permits the correlation of the temporal structure
and amplitude of the measured transients with the nature
and dynamics of the tissue response to UV laser irradiation.
Specifically, we have shown that laser exposures that do not
achieve material removal produce stress transients that are
consistent with dynamic thermal expansion of the tissue
known as thermoelastic stress generation. When ablation is
achieved the recoil stresses produced at both wavelengths
are fully consistent with the view that the onset of material
removal occurs during irradiation and proceeds via a pro-
cess of laser-induced rapid surface vaporization. This per-
mits the formulation of a scaling law that relates the mea-
sured recoil stress with the incident and threshold radiant
exposures. For 193 nm irradiation, ignition of the ablation
plume occurs at high radiant exposures leading to a plasma-
mediated ablation process. Again, a gas dynamic analysis
permits the formulation of a scaling law that describes the
functional variation of the recoil stress with incident radiant
exposure in this regime. The success of the rapid surface
vaporization and plasma models in predicting the ablative
recoil stresses suggests that the ablation process is surface-
mediated because energy in excess of that necessary to
remove material contributes to the specific energy of the
plume and drives the gas dynamic expansion of the ablated
debris.

Using the classical theory of absolute reaction rates, we
determined that the temperature rise produced by absorption
of the threshold radiant exposure by collagen within the
tissue ECM can result in its denaturation during irradiation.
Since denatured collagen is unable to bear physical stresses,
this is a viable mechanism for material removal. The com-
parison of 193 and 248 nm ablation provides insight into the
role of laser-induced stresses with regard to the onset of
material removal. At the threshold radiant exposure for
ablation, the peak stress amplitude generated by 248 nm
irradiation is more than an order of magnitude greater than
that produced by 193 nm irradiation. These measurements
indicate that the stresses generated by KrF-excimer laser
irradiation at the threshold for material removal, while un-
able to fracture the tissue alone, may facilitate the material
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removal process. This may explain why the incident volu-
metric energy density E"' required to achieve material re-
moval is 20 times higher at 193 nm irradiation than at 248
nm irradiation. Thus, the measurements are consistent with
the hypothesis that UV laser ablation is a surface-mediated
process that is brought about by the decomposition of the
collagen through thermal denaturation.

APPENDIX

1. Stresses generated by rapid
surface vaporization

As shown for ArF- and KrF-laser irradiation of tissue, the deposition of
large volumetric energy densities into a tissue can result in material
removal. The experimental results indicate that the characteristics of the
material removal bear strong resemblance to a process of rapid surface
vaporization. The recoil of the vapor leaving the tissue surface generates a
compressive stress pulse that propagates into the tissue bulk. In this
appendix, we derive an analytic expression for the recoil stress magnitude
generated by a steady process of rapid surface vaporization.

The process of steady vaporization has been considered by many
investigators in connection with laser drilling of metals (Afanas'ev and
Krokhin, 1967; Anisimov, 1968; Knight, 1979). To derive a scaling law for
the recoil stress at the target surface, we will take an approach suggested
by Landau and Lifshitz (1987). We consider in one dimension the expan-
sion of a layer of a high temperature and pressure gas created by laser
vaporization of the target. The expansion velocity of the vapor u, is
assumed larger compared than the ambient sound velocity cl. This results
in the radiation of a shock traveling at velocity us. Fig. 6 is a schematic of
this situation where the vaporization process is modeled as a piston moving
at velocity u, into the surrounding gas. In this case the equations of mass,
momentum, and energy conservation in a reference frame moving with the
shock wave are:

U_ U2
it=-=-m, (10)

Vl V2

2 2Ul U2
P1 + P2+ (11)V1 V2

and

hi + # = h2 + 2" (12)

V2 P(PYl + 1) + P2(Y1-1)
Vl Pl('Yl-1) + P2(Y1 + 1) (14)

Combining Eqs. 13 and 14 we get the following quadratic equation for the
compression ratio, HI = (P2/Pi) across the shock:

F - U2y(1 )
n2 2 + 22y1(y+ 1-]+[ 24 1=0

(15)

where cl = V7ipivi is the adiabatic sound speed in region 1. Solving Eq.
15 for Hl yields:

Y+(,Y + 1)U2] + 1u, [1 + 1)2U 122/ /U (Yi 161 1/
H + + 1 +2

(16)

As the velocities of the ablated particles are likely to be supersonic
(Puliafito et al., 1987a), we examine Eq. 16 in the limit where the velocity
of the vapor is much larger than the speed of sound in the surrounding air,
i.e., uv >> cl. In this limit, the ratio of pressures across the shock front
becomes:

Yi (Yl + 1)uV
1 242 (17)

To determine us, conservation of energy is applied globally to the
process. When performing this energy balance we assume that the energy
necessary to form the vapor and any energy losses to the target are small
compared with both the energy that heats the vapor and the work done by
the expanding vapor on the surrounding air. In this case, energy conser-
vation can be written as:

dE dW
dt dt 0° (18)

where W is the work done by the expanding vapor on the surrounding air
per unit surface area and e is the internal energy of the expanding vapor per
unit surface area. Letting z denote the thickness of the vapor layer, W =
p2dz and E = p2z/(y2 - 1). Substituting these expressions into Eq. 18
(recognizing that uv = (dz/dt)) and substituting Eq. 17 for P2/P1 yields:

2(y2 - 1)C2qO' 11/3
U Y=L 2Y1(Y1 + 1)PlJ

Substituting Eq. 19 into Eq. 17 and solving for P2 gives:

P2 e (e + 1)p,1/2 (y2 1)qit2/3

(19)

(20)

In Eqs. 10 and 11, the subscripts 1 and 2 refer to the regions downstream
and upstream of the shock wave as indicated in Fig. 6. Thus, region 1
consists of surrounding gas under ambient conditions, and region 2 consists
of a mixture of ablation vapor and ambient gas that has undergone shock
compression. h, m", p, u, and v refer to specific enthalpy, mass flux per unit
area, pressure, velocity, and specific volume, respectively. Combining Eqs.
10 and 11 gives an expression for the velocity of the vapor flow leaving the
target surface u,:

UV= U2- Ul = [(P2 -p (v1 -v2)]112. (13)

Our goal is to express the vapor flow velocity, uv, in terms of the pre-

and post-shock pressures, Pi and P2. This is done by combining Eqs. 10-12
and using the relation h = pv [y/(y - 1)], where -y is the ratio of specific
heats (cplcv), to get a relation for the ratio of specific volumes across the
shock front in terms of the pre- and post-shock pressures:

This is identical to the result shown earlier as Eq. 2.

II Stresses generated by plasma formation
and expansion
At very high energy densities, the laser irradiation may be sufficient not
only to ablate the tissue but also to ionize the ablation products and form
a dense plasma adjacent to the target surface. Because the plasma absorbs
a significant portion of the incident laser radiation the gas dynamics of the
ablative flow is altered substantially. Thus the expression to predict the
ablative recoil stress derived in the previous appendix does not apply when
plasma mediates the laser-target interaction.

In modeling this situation the velocity of the ablation products is
assumed to be much larger than the sound velocity in the ambient gas,
thereby radiating a shock wave. However, because a portion of the laser
energy is absorbed by the plasma, the shock wave is followed by a
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deflagration wave (Kidder, 1968). This collective structure of a shock wave
followed by a deflagration wave is called a ZND detonation after Y. B.
Zeldovich, J. von Neumann, and W. D6ring for their work in analytically
describing the internal structure of detonation waves in the 1940s and 1950s
(Zucrow and Hoffman, 1976). Fig. 8 is a pictorial representation of the
physical situation we are considering along with the spatial variation of
pressure within this flow structure. ZND detonation waves fall into the general
class of combustion waves. Combustion waves differ from shock waves in that
a release of energy occurs within the wave front. In this case, the release of
energy is due to absorption of the laser radiation by the plasma. Thus, to model
this ablative flow, we must first characterize the absorption of the laser
radiation by the plasma.
We consider the case where free-free absorption or inverse Bremsstrahl-

ung is the mechanism responsible for plasma heating. This occurs when an
electron absorbs a photon that moves it from one free state to a more
energetic state in the field of an ion. Assuming that the plasma collectively
has no net charge, its absorption coefficient ,P in the limit where the
photon energy is much less than the electron energy in the plasma (i.e.,
hv << kTe) is given by Hughes (1975):

2 J /1\3/2 n 2Z3e6A2
= 3 \gkmekTe n (21)

where T, g,me, Te, ni, Z, e, A, np, E0, and c are 3.14159, the Gaunt factor,
electron mass, electron temperature, ion density, atomic number, electron
charge, irradiation wavelength, proton density, permittivity in vacuum, and
speed of light, respectively. The specific volume and sound speed in the
plasma, v2 and c2, are given by:

z
=2 (22)

and

E (Z + 1)-y2kT2l"12
C2 = A J(23)

[ Amp ] 23
These equations permit the expression of the plasma absorption coefficient
in terms of the wavelength of irradiation and hydrodynamic variables:

0- A2
a (24)

V2 2

where

2 - Z3(Z + 1)312y3a2e6
3 9 7/12M712M3/2e (25)

We assume that the Chapman-Jouget condition is satisfied and the
plasma expands at the speed of sound. This provides the following upper
bound on the optical thickness of the plasma S:

S = lp c3t. (26)
We assume that the optical thickness S = f(1) because if the plasma is
transparent (i.e., S < C(1)), the heating rate of the plasma will be small and
will lead to an increase in both the rate of target vaporization and optical
thickness of the plasma. Conversely, if the plasma is optically thick (S >
Y(1)), the target will be shielded by the plasma and will lead to a decrease

in both the rate of vaporization and the optical thickness of the plasma.
Thus, there exists an "equilibrium" optical thickness of the plasma where
the rate of expansion of the plasma is compensated by the supply of ionized
ablation products through vaporization. Such a situation is referred to as the
"self-matched regime" after Krokhin (1965). For our irradiation parame-
ters, this regime is reached in a time small compared with the laser pulse
duration (Phipps et al., 1988). Next, we need to determine the relation
between the velocity of the plasma expansion and the laser irradiance q'.
We assume that a negligible amount of energy is necessary for vaporization

and ionization of the target and that the ablation products are sufficiently
characterized as an ideal gas. Applying energy conservation on a control
volume that starts at the front surface of the target and encompasses the
plasma and the deflagration wave yields the following (Kidder, 1968):

p3u3(h3 + u2/2) = q" (27)

Recalling that for an ideal gas ca = ypv, h = C3(y - 1) and taking y =
5/3 we have

q= V3 2L' 3 + 3)] (28)

where M3 is the Mach number = U3C3. Solving for V3 and C3 from Eqs. 24,
26, and 28 we get the expressions:

()3 3/4/8 1/4 (29)

and

C3= (D2S tvqo (30)

where F3 = M3(M2 + 3)/2. Thus the pressure developed at the leading
edge of the plasma due to laser heating is given by the scaling law:

2 ' 1/8C3 I S
14p-18 /P3= A-D (31)

which is identical to the result presented earlier as Eq. 5. Note that this
expression scales with the peak stress at the target surface crp because the
pressure ratio across the deflagration (P1/P3) is independent of the laser
parameters (Kidder, 1968) and can be taken as constant. This result shows
that although the plasma mediates the interaction, the dependence of the
recoil stress on the optical thickness is very weak. Thus the assumption that
the optical thickness be Y(1) is not critical to the final result. Also we find
that the recoil stress is weakly dependent on the irradiation wavelength and
the laser pulse duration.
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