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Thermodynamic Response of Soft Biological Tissues to Pulsed Infrared-
Laser Irradiation

V. Venugopalan,** N. S. Nishioka,* and B. B. Miki&'
*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 achieve tissue removal through the delivery of short pulses of high-intensity
infrared laser radiation, in a process known as laser ablation, remain obscure. The thermodynamic response of biological
tissue to pulsed infrared laser irradiation was investigated by measuring and analyzing the stress transients generated by
Q-sw Er:YSGG (A = 2.79 ,um) and TEA C02 (A = 10.6 gm) laser irradiation of porcine dermis using thin-film piezoelectric
transducers. For radiant exposures that do not produce material removal, the stress transients are consistent with thermal
expansion of the tissue samples. The temporal structure of the stress transients generated at the threshold radiant exposure
for ablation indicates that the onset of material removal is delayed with respect to irradiation. Once material removal is
achieved, the magnitude of the peak compressive stress and its variation with radiant exposure are consistent with a model
that considers this process as an explosive event occurring after the laser pulse. This mechanism is different from ArF- and
KrF-excimer laser ablation where absorption of ultraviolet radiation by the collagenous tissue matrix leads to tissue
decomposition during irradiation and results in material removal via rapid surface vaporization. It appears that under the
conditions examined in this study, explosive boiling of tissue water is the process that mediates the ablation event. This study
provides evidence that the dynamics and mechanism of tissue ablation processes can be altered by targeting tissue water
rather than the tissue structural matrix.

GLOSSARY

A area (in)
Ca propagation speed of a longitudinal acoustic

wave (m s 1)
c1 propagation speed of a longitudinal acoustic

wave in region i, i being an integer (m s-)
CP, specific heat at constant pressure (J kg-' K 1)
cv specific heat at constant volume (J kg-1 K-1)
C capacitance (F)

e33 piezoelectric stress constant for axial
compression (N C-l)

Fo Fourier number of the laser pulse duration
relative to the characteristic optical absorption
depth within the tissue (= apatp)

Fo , Fourier number of the laser pulse duration
relative to the characteristic size of the tissue
chromophore (- atp/2)

hfg latent heat of vaporization (J kg-1)
li" linear momentum per unit area (kg m1 s1
m mass removal per unit area (kg M-2)

O(x order of magnitude of x
p pressure (Pa)
Pi pressure in region i, i being an integer (Pa)
q I incident laser irradiance (W M-2)
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qof
R
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V
x

incident volumetric power density (W m-3)
bubble radius (m)
time (s)
laser pulse duration (s)
temperature (K)
velocity in region i, i being an integer (m s- )
voltage (V) or volume (m3)
axial position (m) or volume fraction

Greek symbols

a thermal diffusivity (m2 s-1)
8 characteristic size of the tissue chromophore

(m)
8etch depth of material removal achieved by ablation

(m)
Ei incident radiant exposure (J m-2)
Eth threshold radiant exposure at which bulk

material removal is achieved (J m-2)
E"' volumetric energy density (J m-3)
Etth threshold volumetric energy density at which

bulk material removal is achieved (J m-3)
71 ratio of incident radiant exposure to threshold

radiant exposure (e E th)
'Yi ratio of specific heats (--cp/cv) in region i
A laser wavelength (m)
A multiplicative constant used in the scaling law

for rapid surface vaporization (kg"3 m-1 s 2/3)
Pka optical absorption coefficient of incident

radiation (m-')
fQ density of nucleation centers (m-3)
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p material density (kg m3)
cr stress (Pa)

urp peak compressive stress (Pa)
Tm dimensionless mechanical equilibration time

(-AaCatp)
Y multiplicative constant used in the scaling law

for explosive material removal

Subscripts

f

sat

sp
v
00

fluid or liquid
saturation conditions
spinodal conditions
vapor

conditions in the surroundings

INTRODUCTION AND MOTIVATION

The widespread use of infrared (IR) lasers for biomedical
applications is based largely on the fact that water, the chief
constituent of most soft biological tissues, strongly absorbs
optical radiation in the IR region. By choosing appropriate
IR wavelengths one can produce a range of tissue effects
from deep coagulation using Nd:YAG lasers operating at A
= 1.064 ,tm to very clean and precise cutting using Q-
switched (Q-sw) Er:YAG/YSGG lasers operating at A =

2.94 and 2.79 ,um. In the mid-1980s, the availability of
pulsed CO2 and solid-state IR lasers for biomedical use

generated interest in the efficiency of tissue removal and
spatial confinement of thermal injury (Wolbarsht, 1984;
Walsh et al., 1988; Walsh and Deutsch, 1989; Ren et al.,
1992). Furthermore, as IR lasers are easier to use and
maintain than ultraviolet (UV) laser sources and emit radi-
ation with pulse durations and small-signal absorption co-

efficients in tissue that are comparable to those of UV
lasers, the tissue effect produced by pulsed CO2 and Q-sw
Er:YAGIYSGG lasers relative to KrF- and ArF-excimer
lasers has been of particular interest. However, these studies
revealed that the tissue effects produced by UV and IR laser
irradiation are, in fact, quite disparate.
The differences in the tissue effects produced by UV and

IR laser ablation are significant. UV lasers cut tissue cleanly
with minimal evidence of gross thermal or mechanical
injury (Lane et al., 1985; Puliafito et al., 1987), whereas IR
lasers typically produce lesions with much thermal injury
and macroscopic tissue tearing (Cummings and Walsh,
1993b). For example, the optical penetration depths of KrF-
excimer and CO2 laser radiation in tissue are comparable, at
30 ,um and 20 ,um, respectively (Walsh and Deutsch, 1988;
Dyer and Al-Dhahir, 1990). However, KrF-excimer laser
ablation of dermis in vitro results in a zone of thermal injury
of less than 5 ,um (Lane et al., 1985), whereas CO2 laser
ablation results in at least 50 ,um of thermal injury (Walsh
et al., 1988; Venugopalan et al., 1991). Similarly, for ArF-
excimer laser ablation, an optical penetration depth of 4 ,um
results in thermal injury only 0.3 ,um in extent (Puliafito et

al., 1987), whereas for Q-sw Er:YAG/YSGG laser ablation,
an optical penetration depth in tissue of - 1-3 ,um results in
2-4 Am of thermal injury (Ren et al., 1992).
Many investigators have postulated that these differences

in resulting tissue effects are due to distinct ablation mech-
anisms or to nonlinear tissue optical properties (Srinivasan,
1986; Cummings and Walsh, 1993a; Ediger et al., 1993;
Ediger et al., 1994). This has led to much speculation
regarding the mechanism of UV laser ablation, with some
advocating a novel photochemical process (Srinivasan et al.,
1987; Hahn et al., 1995) operative only at UV wavelengths.
However, others have maintained that photochemical pro-
cesses need not be invoked and that the tissue morphology
resulting from UV laser ablation is consistent with a re-
moval process that acts via a combination of photothermal
and photomechanical mechanisms (Lane et al., 1987; Kitai
et al., 1991). Our previous work, which examined the dy-
namics of ArF- and KrF-excimer laser irradiation of porcine
dermis, demonstrated that photothermal and photomechani-
cal mechanisms are sufficient to explain both the dynamics
of UV excimer-laser ablation processes and the resulting
tissue morphology (Venugopalan et al., 1995).
The possibility that the energy densities achieved within

tissue during ablation induce processes that alter the optical
absorption of tissue during irradiation has also been inves-
tigated. These effects have been shown to be present in
Q-sw Er:YAG/YSGG laser ablation of tissue, where the
temperature increase induced by laser heating changes the
hydrogen bonding structure of tissue water and causes tissue
to become more transparent (Cummings and Walsh, 1993a;
Walsh and Cummings, 1994). However, this dynamic
change in optical properties is significant only at radiant
exposures '200 and 30,000 J m-2 for Q-sw Er:YAG and
Er:YSGG laser irradiation, respectively (Venugopalan, un-
published calculation). For UV laser ablation, recent studies
have shown that 193-nm irradiation of hydrated comeal
collagen induces a transient decrease in transmission during
an ablative nanosecond laser pulse (Ediger et al., 1993;
Ediger et al., 1994), implying that the optical absorption of
collagen-based tissues increases during UV irradiation. This
result is consistent with preliminary data indicating that the
absorption of water at 193 nm increases substantially at
higher temperatures (Walsh and Staveteig, 1995). However,
the magnitude of this effect has not been quantified, and its
ramifications for the ablation process remain unknown.
Thus it is unclear whether the observed differences in tissue
morphology produced by UV and IR laser ablation result
from differences in ablation mechanism, optical penetration
depth, or some other undetermined factor.
The goal of this study was to better understand the

mechanisms of tissue removal and the resulting tissue mor-
phology by examining the thermodynamic response of soft
biological tissues to pulsed IR laser irradiation. This study
was motivated by several hypotheses. First, we postulated
that the dominant tissue chromophore and its characteristic
pathways of decomposition are important factors in deter-
mining the mechanism and dynamics of the ablation process
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if the following conditions are satisfied:

1. The laser pulse duration tp is small relative to the char-
acteristic thermal diffusion time across the optical pen-
etration depth 1/agia, that is, when Fo =a-Yatp < C(1),
where a and g4 1 are thermal diffusivity of the tissue and
the characteristic optical penetration depth of the laser
radiation (scattering is assumed negligible), respectively.

2. The laser pulse duration tp is small relative to the char-
acteristic thermal diffusion time across the characteristic
length scale of the chromophore 82/a. That is, when Fos
= at,/82 _ C(l), where 8 is the characteristic size of the
tissue chromophore.

Under these conditions, the energy absorbed by the chro-
mophore is not transported via diffusion to neighboring
structures during irradiation. Thus, selective photothermoly-
sis (Anderson and Parrish, 1983) of the chromophore is a

potential mechanism for laser ablation. If the chromophore
is the tissue structural matrix, the mechanical integrity of the
tissue is directly targeted and may result in the breaking of
structural bonds to allow material removal. In contrast, 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. In IR laser ablation of
tissue, water is usually the dominant chromophore and the
structural matrix of the tissue is not targeted directly. In this
case the characteristic size of the chromophore 8 is gov-

erned by the size of water-filled spaces within the tissue. For
porcine reticular dermis, the tissue used in this study, these
spaces correspond to those between the collagen fibers,
which have a dimension on order of the fiber diameters,
between 1 and 3 ,im. To achieve material removal the
heated water must expand, to first strain and then fracture
the matrix components. This would lead to a slower, albeit
more explosive, dynamic process. As such, a fundamental
change in ablation mechanism could be affected by simply
changing the tissue chromophore without changing param-

eters that would alter the thermal and mechanical transients
generated on the macroscopic scale. This change in ablation
mechanism could affect the resulting tissue morphology.
There is circumstantial evidence to support this hypothesis.
A recent study by Edwards and co-workers provided evi-
dence that tissue ablation using 6.45-,m laser radiation
achieves material removal through a mechanism mediated
in part by modification of tissue collagen rather than
through exclusive heating of water, as is the case for most
other IR ablation processes (Edwards et al., 1994). They
hypothesized that this was due to combined amide II and
water absorption at this wavelength. However, time-re-
solved data, which would confirm the existence of a differ-
ent ablation mechanism, are still lacking.

Second, we postulated that the contribution of photome-
chanical mechanisms to material removal are significant
only when the magnitude of laser-induced stresses is suffi-
cient to produce mechanical fracture. As suggested by Al-
bagli and co-workers (Albagli et al., 1994b), a mechanical
mechanism for material removal should be energetically

more efficient than vaporization, because every bond in the
ablated mass need not be broken for material fracture. The
contribution of photomechanical mechanisms to material
removal should become significant when the stresses gen-
erated at the threshold radiant exposure for 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. In a one-dimensional planar geometry
this occurs when the dimensionless mechanical equilibra-
tion time of the heated layer Tm e laCatp Q(1), where Ca
is the speed of longitudinal wave propagation in the
medium.

Third, we postulated that the temporal structure of stress
transients induced by laser irradiation and the variation in
stress amplitude with radiant exposure allow differentiation
between photomechanical and photothermal mechanisms
for material removal. In this study the thermodynamic re-
sponse of porcine reticular dermis to exposure of nanosec-
ond pulses of 2.79- and 10.6-,um radiation was measured in
vitro. At both wavelengths tissue water is the dominant
chromophore (Yannas, 1972; Downing and Williams,
1975). Because of the common chromophore, ablation at
these two wavelengths should bear some similarity and the
potential role of photomechanical processes can be investi-
gated, because mechanical equilibration of the heated tissue
is fully permitted during 2.79-,tm irradiation, whereas for
10.6-,um irradiation it is not.

MATERIALS AND METHODS
Thin sections (-400 ,um thick) of porcine reticular dermis were prepared
using a pneumatic vibrating dermatome (Zimmer, Concord, MA) from
tissue acquired immediately postmortem. Samples were kept refrigerated
and hydrated in saline (Baxter Healthcare Corp., Deerfield, IL) until use.
Sections were irradiated within 24 h of acquisition with pulses generated
by an Er:YSGG laser (Schwartz Electro Optics, 1-2-3, Orlando, FL) with
a rotating mirror Q-switch or a N2-starved TEA (transverse excitation at
atmospheric pressure) CO2 laser (model 103; Lumonics, Kanata, Canada).
The specific laser and tissue parameters and the characteristic time scales
of the laser-tissue interaction are summarized in Table 1.

The active element of the stress transducer was a 9-,um-thick film of
piezoelectric polyvinylidene fluoride (PVDF) film with 60-nm-thick alu-

TABLE I Relevant laser parameters and dimensionless time
scales for TEA CO2 and Q-sw Er:YSGG laser irradiation of
porcine dermis

A tp Ia1 Tm Fo Fo,*
Laser (nm) (ns) (,um) (a ,uacatp) (- aA.2tp) (-catp/62)

TEA CO2 10600 30 18t 2.5 1.2 X 10-5 0.4-3 x 10-2
Q-sw Er:YSGG 2790 40 3§ 20 5.8 X 10-4 0.5-5 X 10-2

*8 for water is taken as the characteristic fibril diameters in the reticular
dermis, which vary between 1 and 3 ,um. This is done because the collagen
fibrils in the reticular dermis are separated by roughly the same dimension
as their diameters (Smith et al., 1982).
tUsing value of Ila given by Downing and Williams (1975) and assuming
dermis has 65% water content.
§Using value of IUa given by Vodopyanov (1991) and assuming dermis has
65% water content.
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minum electrodes vapor deposited on both sides (AMP Inc., Harrisburg,
PA). The construction and characteristics of the transducer have been
described previously (Zweig et al., 1993; Venugopalan, 1994). The output
voltage V(t) of the transducer generated by a stress transient cr(t) is given
by (Dyer and Srinivasan, 1986; Schoeffmann et al., 1988)

V(t) = C
3

Ar(,
CD + CL

always greater than 1 mm in diameter. This eliminated geometric attenu-
ation of the stress wave and minimized the effects of acoustic absorption
and dispersion on the stress transient using guidelines set forth previously
(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.

(1)

where e33 is the piezoelectric constant of the PVDF film in pure compres-
sion, A is the surface area of the stress affected region, and CD and CL are
the capacitances of the transducer and the load, respectively. The temporal
resolution of the transducer is '5 ns (Venugopalan, 1994) and provides a
consistent response up to a compressive stress of ov = 2 X 1010 Pa (Lee et
al., 1990). The signal recorded by the digitizer was transferred to a
microcomputer (Macintosh LC; Apple Computer, Cupertino, CA) via an
RS-232 port.

Fig. 1 is a schematic of the equipment used to obtain the measurements.
For experiments employing the TEA CO2 laser, a 10-mm diameter aperture
was used to select a uniform portion of the laser output. The laser beam was
propagated through a set of attenuators composed of thin layers of teflon,
a 200-mm focal length ZnSe lens, and a gold mirror, which deflected the
laser beam onto the surface of the target. The laser pulse energy was
constant during the experiment with a pulse-to-pulse variation of ±5%
(model J3-09; Molectron Detector, Inc., Portland, OR). The transmission
of each attenuator and the ZnSe lens and the reflectance of the mirror were
determined beforehand and used to calculate the energy incident on the
target surface. The TEA CO2 laser emitted a multimode beam with an
intensity profile uniform to ±20%.

For experiments employing the Q-sw Er:YSGG laser, the laser beam
was propagated through a beam splitter, a set of attenuators composed of
IR grade quartz, a second beam splitter, and a gold mirror, which deflected
the beam 900 through a 95-mm focal length ZnSe lens onto the target
surface. The stability of the temporal pulse structure was monitored using
a pyroelectric detector (model P5-01; Molectron Detector) with a response
time of 500 ps. A second pyroelectric detector (model J3-09; Molectron
Detector) measured the energy from the second beam splitter and permitted
the energy incident on the target to be determined. The Q-sw Er:YSGG
laser emitted a single mode beam with a gaussian intensity profile.

Tissue samples were placed on the transducer surface with a thin layer
of saline. The saline provided acoustic contact between the tissue sample
and the transducer as well as a source of fluid to avoid dessication of the
tissue sample. Samples were sufficiently thick to absorb all delivered
radiation. The irradiation resulted in the generation of stresses that tra-
versed 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 were

RESULTS

TEA CO2 laser experiments

Typical signals from the transducer generated by 10.6-,um
(TEA CO2 laser) irradiation of porcine dermis are shown in
Fig. 2. In all figures a positive stress denotes compression.
As the stress amplitude varies by three orders of magnitude
between the lowest and highest radiant exposures tested,
these traces are normalized relative to their peak compres-

sive stress to allow temporal comparison of stress traces
generated over this extensive range of radiant exposures.

The signals produced by irradiation at radiant exposures

ranging from a subablative dose to a strongly ablative dose
are represented by traces a-e.

Fig. 2, trace a, is a stress transient generated by a suba-
blative exposure. The stress transient is thermoelastic with
the characteristic bipolar signature and reaches its maxi-
mum within 55 ns. The stress returns to baseline in approx-

imately 300 ns. When the radiant exposure is equal to the
threshold radiant exposure for material removal (Fig. 2,
trace b), the thermoelastic stress waveform remains un-

changed, except for a weak compressive stress, which is
observed at late times. When the radiant exposure is in-
creased further (Fig. 2, trace c) the magnitude of the second
compressive peak rises and cancels a portion of the tensile
component of the thermoelastic stress. At larger radiant
exposures (Fig. 2, trace d), this results in a unipolar stress
transient composed of two compressive pulses. The first
pulse is generated primarily by the thermoelastic effect and
the second by ablative recoil. The rise time of the stress

1.0

To Oscilloscope

Transient Digitizer

FIGURE 1 Experimental setup for measurement of laser-induced stress

transients in tissue.

0.5 (d)
cn ~~~~~~~~~~~~~~~~~~~(e)

O 100 200 300 400
time (ns)

FIGURE 2 Transducer signals resulting from TEA C02 laser iffadiation
of porcine dermis. The radiant exposure and peak compressive stress for
each trace are (a) L-' = 4.0 x 103 J m-2, ap= 1.9 x 106 Pa; (b) e' = 1.4
X 104 J m-2, urp = 8.0 x 106 Pa; (c) e' = 1.9 x 104 J m-2, Orp = 1.3 x

0~~~~~~~~~

107~Pa; (d) E' = 3.3 x 104 J m-2, ap = 1.9 x 107 Pa; (e),E" = 6.1 x 104.5
each, P

trac 5ar(a) e Pa.0X0J2 p=l9l6a() .
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transient increases with increasing radiant exposure. At
even greater radiant exposures (Fig. 2, trace e), the stress
transient consists of a single compressive pulse, which
reaches a maximum at 130 ns and returns to baseline after
1 ,us (not shown) (Dyer and Al-Dhahir, 1990).
The peak compressive stress op is plotted against the

incident radiant exposure E" in Fig. 3. For radiant exposures
below that required for material removal, the peak stress
increases linearly with radiant exposure. However, once the
stresses produced by ablative recoil dominate those pro-
duced by thermoelastic stress generation, the variation of
the peak stress with incident radiant exposure becomes
nonlinear.

Q-sw Er:YSGG laser experiments

Typical output signals from the transducer generated by
2.79-,um (Q-sw Er:YSGG laser) irradiation of porcine der-
mis are shown in Fig. 4. As the stress amplitude varies by
three orders of magnitude between the lowest and highest
radiant exposures tested, these traces are normalized relative
to their peak compressive stress to allow temporal compar-
ison of stress traces generated over this extensive range of
exposures. The signals resulting from irradiation of porcine
dermis at radiant exposures ranging from a subablative dose
to a strongly ablative dose are shown in traces a-d.

Fig. 4, trace a, is a stress transient generated by a suba-
blative exposure. The stress transient is thermoelastic, with
a characteristic bipolar signature that reaches its maximum
at 45 ns. The stresses return to baseline in approximately
200 ns. When the radiant exposure is raised to a value equal
to the threshold radiant exposure for material removal (Fig.
4, trace b), the thermoelastic stress waveform remains un-
changed at early times, whereas an additional compressive
stress is observed at late times. When the radiant exposure

1.0

CI)
$.

-e
N

0z.

0.5

0.0

-0.5 l
0 100 200 300

time (ns)

FIGURE 4 Transducer signals resulting from Q-sw Er:YSGG laser ir-
radiation of porcine dermis. The radiant exposure and peak compressive
stress for each trace are (a) E' = 530 J m-2, op = 1.1 x 105 Pa; (b) E' =
1OOJm-2, op = 2.6 X 105 Pa; (c) E' = 1600 J m-2, ap = 2.8 X 105 Pa;
(d) oE = 2700 J m-2, op = 4.2 x 106 Pa.

is increased further (Fig. 4, trace c), the stress transient is
unipolar and consists of two compressive pulses. The first
pulse is generated primarily through the thermoelastic effect
and the second by ablative recoil. The rise time of the stress
transient lengthens as the radiant exposure is increased. At
the largest radiant exposure (Fig. 4, trace d), the stress
transient consists of a single unipolar pulse, which reaches
its maximum within 80 ns and returns to baseline after 400
ns (not shown).
The peak compressive stress orp is plotted against the

incident radiant exposure E" in Fig. 5. For radiant exposures
below that required for material removal, the peak stress
varies linearly with radiant exposure. However, once the
stresses produced by ablative recoil dominate those pro-
duced by thermoelastic stress generation, the variation of

108 .
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FIGURE 3 Peak compressive stress generated by TEA CO2 laser irra-
diation of porcine dermis op versus incident radiant exposure 'E. The solid
line is the best fit of the thermoelastic data to the scaling op a e'.

FIGURE 5 Peak compressive stress generated by Q-sw Er:YSGG laser
irradiation of porcine dermis op versus incident radiant exposure 'E. The
solid line is the best fit of the thermoelastic data to the scaling op cxEc
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the peak stress with incident radiant exposure becomes
nonlinear.

ANALYSIS

TEA CO2 laser irradiation

Two observations regarding the temporal structure of stress
transients generated by pulsed TEA CO2 laser irradiation of
porcine dermis require further consideration. First, for radi-
ant exposures where the variation in the peak compressive
stress initially becomes nonlinear (E- 2 X 104 J m-2), the
stress transient not only has a reduced tensile component
when compared to the stress transients generated in the
linear regime, but also a second compressive pulse that
remains at very long times (>400 ns). This waveform is
quite different from those produced by ultraviolet laser
irradiation of tissue, where a second compressive pulse is
never seen (Venugopalan et al., 1995). As the radiant ex-
posure is increased further, the second compressive pulse
increases in magnitude relative to the first and nullifies the
tensile component of the thermoelastic stress. This results in
a unipolar stress transient with two compressive peaks that
merge to form a single compressive stress pulse at higher
radiant exposures. The second important observation is that
the stress response in the ablative regime occurs on a longer
time scale than does the thermoelastic response. This is
evidenced by the increase in temporal extent and rise time
of the stress transients generated at these radiant exposures.
The total duration of the ablative stress transients (-1 ,us)
(Dyer and Al-Dhahir, 1990) is much longer than those seen
in UV laser ablation, where the ablative stress transients
return to baseline within 200 ns (Dyer and Al-Dhahir, 1990;
Venugopalan et al., 1995). The increases in both the rise
time and overall temporal extent of these transients are
strong indicators that the majority of material removal oc-
curs after laser irradiation.
When analyzing UV laser ablation of tissue, we previ-

ously modeled the material removal process as one of rapid
surface vaporization of tissue during irradiation. The model
for laser-induced rapid surface vaporization has been pre-
sented in detail previously (Venugopalan, 1994; Venugo-
palan et al., 1995), and only its assumptions and results will
be presented here. In this model we assume that surface
absorption of the laser irradiance qO creates a high temper-
ature and pressure vapor adjacent to the target surface
during irradiation. The expansion velocity of the vapor uv is
assumed to be large compared to the sound velocity in the
surrounding medium cl. 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 u, into the surrounding gas.
Analysis proceeds by solving the mass, momentum, and
energy conservation equations across the shock front and
results in the following scaling law for the peak recoil
stress crp:

= A(e"o - ett)2/3. (2)

vapor: {).,. P).

targtet; 7/

O-

4..

*

vapor: iJ ..

ir-radiance iX.I'

ac I l: E; I

L _.J 7 . ... . .. ._._.f.. .

shoek front

FIGURE 6 Graphic representation of laser ablation of porcine dermis via
a process of rapid surface vaporization and a schematic of the piston model
used in the process description. Velocities are given in the laboratory
reference frame.

Equation 2 is subject to the restriction that A does not
exceed the value given by the expression

f[v(Y_1 +_)pl]i"2(2_- 1) 2/3
A -< Amax =,U (J3c1)

where Yi and y2 are the ratios of specific heats, c/cV, in
regions 1 and 2, respectively, and Pi is the ambient pressure.

For the laser parameters used in this study, Am. = 5.2 X

i04 kgl/3 m-1 s-2/3 and 4.3 X 104 kgl/3 m-l s-2/3 for TEA
CO2 and Q-sw Er:YSGG laser ablation, respectively. In Fig.
7 the compressive stress data for TEA CO2 laser ablation
are fit to this scaling law for rapid surface vaporization.
Although the agreement between the data and the model
prediction is not wholly deficient, the value of the prefactor
used to achieve this fit, A = 1.68 X 105 kg 13 m-1 s-2/3, is
more than three times larger than the Am. allowed for TEA
CO2 laser ablation, thereby violating the constraint imposed
by the conservation equations. Thus rapid surface vaporiza-
tion appears to be inconsistent with the measured stresses
because the ablated material leaves the tissue surface with a
kinetic energy greater than that allowed by this process.

Given that the magnitude of the ablative recoil stresses is
greater than that allowed by rapid surface vaporization and
the temporal structure of the stress transients indicates that
the majority of the material removal occurs after irradiation,
we consider material removal to occur explosively, using a
model initially formulated by Phipps and co-workers
(Phipps et al., 1990), as shown schematically in Fig. 8. In
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FIGURE 7 Peak compressive stress generated by TEA CO2 laser irra-
diation of porcine dermis ap versus incident radiant exposure E4 The line
is the best fit of the thermoelastic data to the scaling orp c 4'. The curve is
the best fit of the ablative recoil data to the scaling law for rapid surface
vaporization given by ap = A(E-'-)2I3, where A = 1.68 X 105 kg"13
m' s-23 and Et = 1.8 X 104 J m2

this case, we assume that the entire laser pulse energy is
absorbed according to Beer's law before the onset of ma-
terial removal. If the energy deposition occurs on a time
scale where losses are negligible, the spatial profile of the
volumetric energy density e"(x) within the target at the end
of the laser pulse is given by

E'(X) = aE'o exp(-pg). (4)

Assuming that a threshold energy density ILaEt" is required
to affect material removal, the mass removed per unit area
m" is given by

p (/E" ) pin =-In I-J=-nq,(5

where p is the tissue mass density and -r is the ratio between
the incident and threshold radiant exposures. For 0 ' x <
6etch, With 6etch = m"/p, the delivered energy density ex-

Pbal

ceeds that necessary for material removal. If we scale this
excess energy, E"excess, with the kinetic energy imparted to
the ablated mass, we have

J&tch 1112

excess - a[E"O exp(tkx) - E" ] dx oc
exes0 h 2 (6)

The linear momentum per unit area of the ablated material
I" is the time integral of the recoil stress at the target surface
and should scale with the product of the peak stress urp and
the laser pulse duration. Thus we have

I"I = 0r(t)dt oc aptp.
0

(7)

We eliminate m" and 1" by substituting Eqs. 5 and 7 into Eq.
6. Solving for o-p yields the following scaling law for the
peak compressive recoil stresses generated by an explosive
material removal process:

urp=Y[ ln71(q1 --)]- (8)

This scaling law has two adjustable parameters, the thresh-
old radiant exposure for material removal 4' and the di-
mensionless multiplicative constant Y. However, the value
of 4" is constrained, as it must be consistent with the radiant
exposure at which a transition from a thermoelastic to an
ablative response is observed in the temporal structure of
the measured stress transients. Fig. 9 is a plot of the stresses
generated by ablative recoil and the best fit to the scaling
law given by Eq. 8 with Y = 0.124 and 4E" = 1.3 X I04 J
m-2. Equation 8 provides a better fit to the data than the
scaling law for rapid surface vaporization. Note that the

105104
Radiant Exposure "0 (J m-2)

108
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106
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energy

FIGURE 8 Schematic of the model used to describe explosive material
removal. See text for details.

FIGURE 9 Peak compressive stress generated by TEA CO2 laser irra-
diation and ablation of porcine dermis ap versus incident radiant exposure
E'. The curve is the best fit of the ablative recoil data to the scaling law for
explosive material removal. The parameters of the curve fit are Y = 0.124
and 4 = 1.3 X 104 J m-2.
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value of E' given by the experimental results is approxi-
mately a factor of 2 smaller than most values reported in the
literature (Walsh and Deutsch, 1988; Green et al., 1990).
However, it is likely that the measurement of the recoil
stresses generated by material removal is a more accurate
means of determining the threshold radiant exposure for
ablation than extrapolations from gross material removal
data.

Q-sw Er:YSGG laser irradiation

The stress transients generated by Er:YSGG laser irradia-
tion are similar in many respects to those produced by TEA
CO2 laser irradiation. When attempting to fit the ablative
recoil data of Q-sw Er:YSGG laser ablation we find, as in
the case of TEA CO2 laser irradiation, that the model for
rapid surface vaporization fails to provide an adequate scal-
ing law for the measurements. This is not surprising, be-
cause studies of the plume dynamics for Q-sw erbium laser
ablation of tissue have revealed the process to be explosive
and to occur with a time delay with respect to irradiation
(Walsh and Deutsch, 1991). This being the case, we fit the
Q-sw Er:YSGG ablative recoil data to the scaling law for
explosive material removal as developed above. The result
of this is shown in Fig. 10, with Y = 0.124 and E' = 1200
J m-2. As in the case for TEA CO2 laser ablation, the value
for E", is smaller than values reported in the literature (Ren
et al., 1992). Interestingly, the value for the dimensionless
scaling factor Y is identical for both TEA CO2 and Q-sw
Er:YSGG ablation events and indicates that the same frac-
tion of "excess energy" is partitioned to the kinetic energy
of the ablated products.
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FIGURE 10 Peak compressive stress generated by Q-sw Er:YSGG laser
irradiation and ablation of porcine dermis op versus incident radiant
exposure e". The curve is the best fit of the ablative recoil data to the
scaling law for explosive material removal. The parameters of the curve fit
are Y = 0.124 and E4 = 1200 Jm2.

DISCUSSION

The results of this study demonstrate that the stress tran-
sients resulting from TEA CO2 and Q-sw Er:YSGG laser
ablation of porcine dermis can be accurately modeled as a
process of explosive material removal. The entire laser
pulse energy is delivered before significant material re-
moval occurs and the tissue volume that reaches a threshold
volumetric energy density (E") is explosively removed.
Furthermore, the kinetic energy of the ablated material
scales with the amount of energy in excess of Et'h delivered
to the tissue volume removed.

Both TEA CO2 and Q-sw Er:YSGG laser ablation pro-
ceed explosively, despite the fact that mechanical equilibra-
tion of the heated layer is allowed (i.e., Tm > (1)) only for
Q-sw Er:YSGG irradiation. The photomechanical basis of
ablation proposed by Albagli and co-workers (Albagli et al.,
1994b) predicts that when stresses generated within tissue
have sufficient time to equilibrate, the contribution of pho-
tothermal mechanisms to the ablation process increase, and
thermal decomposition rather than an explosive or photo-
mechanical process of material removal occurs. In addition,
the authors maintain that the threshold energy density for
the onset of material removal should increase once mechan-
ical equilibration is achieved, because ablation via vapor-
ization alone requires more energy per unit volume than
material fracture.

These propositions appear inconsistent with the experi-
mental findings. Using values of pLa cited in Table 1 and
keeping in mind that for a gaussian beam (used in the
Er:YSGG laser experiments) the radiant exposure at the
center of the laser beam is twice the average incident radiant
exposure EI, the maximum energy per unit mass deposited
into the tissue water at ablation threshold is 7.2 X 105 and
8.0 x 105 J kg-, respectively, for TEA CO2 and Q-sw
Er:YSGG laser ablation of tissue. That is, E" is roughly
comparable between the two wavelengths, even though Tm
is nearly an order of magnitude larger for Q-sw Er:YSGG
laser irradiation relative to TEA CO2 laser irradiation (cf.
Table 1). In addition, the energy per unit mass delivered to
the tissue at the ablation threshold is in both cases larger
than the sensible heat of water under STP conditions (3.28
X 105 J kg- 1) but significantly smaller than the sum of the
sensible and latent heats of vaporization under STP condi-
tions (2.58 X 106 J kg- 1). This demonstrates that complete
vaporization of the heated volume is not achieved at abla-
tion threshold and implicates a significant photomechanical
component in the material removal process.
The inconsistencies between the experimental findings

and current photomechanical models for tissue ablation
probably stem from simplifications made within the
model formulation. The general concept that smaller op-
tical absorption coefficients and laser pulse durations
reduce mechanical equilibration of a heated volume dur-
ing irradiation and result in a photomechanical material
removal process is likely to be correct. However, this
concept is based on two assumptions that are not met in
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many tissue ablation processes. First, it is explicitly
assumed that the absorbed laser radiation is distributed
evenly within the local tissue volume (Albagli et al.,
1994b). This assumption is valid only when Fo. : C(1),
which depends on the tissue morphology and optical
properties as well as the laser pulse duration. Second, one
implicitly assumes that when inertial confinement is not
achieved during irradiation, the tissue has access to a
pathway for thermal decomposition. However, if the tis-
sue structural matrix receives a negligible amount of
energy via optical absorption and transport (diffusive and
radiative), this assumption is not satisfied. Thus in this
case, the mechanical integrity of the structural matrix
is not compromised, and it can deform with the expansion
of the heated water until it fractures under the stresses
generated.

In summary, the use of a measure for inertial confine-
ment or mechanical equilibration (e.g., Tm) as an indica-
tor for a photothermal versus photomechanical mecha-
nism of material removal is valid only when the tissue
structural matrix has access to a pathway for thermal
decomposition and the kinetics of the decomposition
process are much faster than the time scale of irradiation.
However, when the chromophore is a tissue constituent
other than the structural matrix under conditions where
either energy transport and/or thermal decomposition is
not operative, a measure of inertial confinement is no
longer a valid indicator for the mechanism of material
removal. If the characteristic time scale for matrix de-
composition is shorter than the irradiation time, as is
likely for collagenous tissues (Venugopalan et al., 1995),
energy transport from the heated tissue constituents to the
tissue structural matrix-(i.e., Fo >- C(1)) is a necessary
condition to achieve a transition from a photomechanical
to a photothermal mode of material removal.

Despite the fact that Fo8 >-. (1) seems to be a valid
parameter to indicate the transition from an explosive to a
surface-mediated material removal process, it is a condition
that is necessary but not sufficient. If it were a sufficient
condition, all ablation processes that target a material unable
to withstand stresses (e.g., a liquid) and allow for mechan-
ical equilibration during irradiation would result in a
removal process characterized by surface vaporization with-
out any explosive component. However, several experimen-
tal studies have demonstrated that this is not the case. For
example, when nanosecond laser pulses are employed to
convert liquid water to vapor, the transition exhibits a de-
cidedly explosive characteristic (Askar'yan et al., 1963;
Emmony et al., 1976; Venugopalan et al., manuscript in
preparation). This characteristic of the phase transition is
likely due to the high volumetric power densities achieved
by the laser irradiation such that the rate of energy con-
sumption by vaporization from the surface and nucleation of
bubbles below the surface are insufficient to prevent the
tissue water from being superheated to the spinodal limit.
When this superheat limit is reached, the liquid water is
mechanically unstable and a rapid phase transition to vapor

is forced by a process known as spinodal decomposition or
flash boiling (Eberhart and Schnyders, 1973; Skripov,
1974). At atmospheric pressure the maximum superheat
temperature of water is theoretically estimated to be 305°C,
whereas 280°C is the highest superheat temperature
achieved to date.
The process of flash boiling has been proposed as the

mechanism for pulsed ablation of tissue as well (Esenaliev
et al., 1989; Oraevsky et al., 1992). This mechanism be-
comes even more plausible when one considers that in
tissue the nucleation and growth of subsurface vapor bub-
bles are strongly suppressed because of the stiffness of the
surrounding structural matrix, which results in significant
superheating of the surrounding tissue water. However, no
analysis has yet been presented to firmly establish the
conditions under which this process is operative. To super-
heat water within the tissue bulk to the spinodal limit, the
rate of energy deposition must be much larger than the rate
of energy consumption by the growth of bubble nucleation
centers within the tissue, i.e.,

qSp > pvhfgflV(tp)9 (9)
where q... is the volumetric power density necessary to
achieve spinodal conditions, pv is the density of the vapor
inside the bubbles, hfg is the latent heat of vaporization, fl
is the number density of nucleation sites, and V(tp) is the
volume of each nucleation site at the end of the laser pulse,
t = tp. To evaluate this expression we must estimate both
the volume of vapor contained within these sites at the end
of the laser pulse V(t = tp) and the number density of
nucleation sites fl.
To estimate the volume of a single nucleation site at the

end of the laser pulse we must calculate the bubble growth
over time. It is known that in a liquid pool the growth of a
bubble, in its early stages, is limited by the energy necessary
to displace the liquid surrounding it (inertia-controlled
growth), whereas at a later stage the growth becomes lim-
ited instead by the energy required to form the necessary
vapor (heat transfer controlled growth). Note that an anal-
ysis based on either of these two cases represents an upper
bound for both V(t) and q"', because factors that limit the
rate of bubble growth, such as the energy necessary to strain
the surrounding structural matrix of the tissue, are ignored.
The bubble radius R(t) in the inertia-controlled regime is
given by (Rayleigh, 1917; Mikic et al., 1970)

R(t) = [2 p, p)I (10)

whereas in the heat transfer controlled regime R(t) is given
by (Plesset and Zwick, 1954; Mikic et al., 1970)

R(t) = [ 1](-t) (1 1)

In these expressions, pO. and Too are the pressure and tem-
perature of the surrounding superheated liquid; Tsat is the
saturation temperature corresponding to the pressure pOO; Pv
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and p, are the pressure and density of vapor within the
bubble and pf, Cf, and af are the density, specific heat, and
thermal diffusivity of the surrounding liquid. In the inertia-
controlled case, the vapor pressure within the bubble is
taken as the saturation pressure of vapor at the maximum
superheat temperature of the surrounding liquid (i.e.,
305°C) and gives an upper bound for the bubble radius.
Similarly, for the heat transfer controlled case the temper-
ature of the vapor within the bubble is taken as the satura-
tion temperature at the pressure of the surrounding liquid.
This maximizes the temperature difference across the bub-
ble interface and again maximizes the bubble radius.

For the inertia-controlled case, it is more convenient to
express the vapor bubble growth in terms of temperature
rather than pressure. For water, the saturation pressure is
related to the saturation temperature through the empirical
expression Psat = a exp(-btlsat), where a = 3.0705 X 101
Pa and b = 4688.2 K (Weast, 1985). Substituting this
expression into Eq. 10 and integrating gives the following
expression for V(t) in the inertia-controlled bubble growth
case:

V(t) = [exp(-b/T,) - exp(-bWTsat})]l (12)

whereas for the heat transfer mediated case we have

4'rr[pfcf(TO. - Tsat)312a__3_
3[ Pvhfg) (13)

Substituting Eq. 12 into Eq. 9 gives the expression for the
incident volumetric power density necessary to achieve
flash boiling when the bubble growth is controlled by the
inertia of the surrounding liquid:

q t" >> q ,, = TPVhSpI3
(14)

2a 3/2
X 2 [exp(-b/Tv) -exp(-b/Tsat)]

Alternatively, substituting Eq. 13 into Eq. 9 gives the ex-
pression for the incident volumetric power density neces-
sary to achieve flash boiling when the bubble growth is
controlled by heat transfer considerations:

4lTPVhf8lt"'2
fio >> fit

= 30 Sp ~~3
(15)

X pfcf(To--Tsa) ( 12af
pvhfg9

The only unknown on the right-hand side of the above
equations is the density of nucleation centers fl. To produce
an order of magnitude estimate for the density of nucleation
centers present within tissue, we proceed as follows. Be-
cause the results thus far indicate that no significant material

removal occurs during irradiation, the maximum volume
that the vapor bubbles can occupy immediately at the end of
irradiation is on the order of the heated volume, and thus
fQV(tp) 1. Because bubble growth that occurs over a
characteristic duration of tp 100 ns is in the inertia-
controlled regime (as will be demonstrated shortly), we
substitute the spinodal and saturation temperatures of water
at atmospheric pressure, T, = 305°C and Tsat = 100°C, into
Eq. 12 to give V(t = 100 ns) = 10-15 m3, which yields fl
= 1015 m-3.
We can now obtain a numerical estimate for the volu-

metric power density necessary to achieve flash boiling.
Using the values for Tv and Tsat stated above in Eqs. 14 and
15, we plot q" versus laser pulse duration tp with fl as a
parameter in Fig. 11. Note that for exposures less than -3
,us, the bubble growth is mediated by the inertia of the
surrounding liquid, whereas for longer exposures the bubble
growth is limited by heat transfer from the superheated
liquid into the vapor. Values of the incident volumetric
power density achieved by our experiments at ablation
threshold q"' are shown, as well as values for q" typically
achieved for 100 ,ts CO2 and Er:YAG laser exposures
(Frenz et al., 1989). This figure clearly indicates that the
incident volumetric power density is sufficient to drive the
tissue liquid to the spinodal limit and result in explosive
boiling for nanosecond laser exposures.

This analysis is also consistent with the results of studies
examining the dynamics of CO2 and Er:YAG/YSGG laser
ablation of tissue using pulses on the order of 100 ,us in
duration. Such studies have established that tissue ablation
at these wavelengths and pulse durations result in material
removal during irradiation, not via explosion but through a
surface-mediated process of thermal liquefaction followed
by molten tissue ejection and vaporization (Zweig and We-
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FIGURE 11 The solid and dotted lines represent the volumetric power
density q'" necessary to achieve flash boiling of tissue water versus laser
pulse duration tp with the number density of nucleation sites (Q as a free
parameter. The data points represent the volumetric power density
achieved at the ablation threshold q"' for different pulse durations. See text
for further details.
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ber, 1987; Zweig, 1991a; Zweig, 1991b). This is consistent
with our theoretical framework, because although tissue
water continues to be the dominant chromophore in
these cases, thermal diffusion during the longer laser pulse
does not provide microscale thermal confinement, as Fo,
is usually between 3 and 30 in these cases and the volumet-
ric power densities at the ablation threshold at these
longer pulse durations are not in excess of qs,, as shown by
Fig. 11.

Finally, we must check that the radiant exposure at the
ablation threshold is sufficient to heat the tissue water to the
spinodal limit. The change in temperature at the tissue
surface is given by

AT = ga O (16)
PH2OCV,H20XH20

Using this equation we find that the temperature change
achieved at the ablation threshold is 260°C for TEA CO2
laser irradiation, but only 147°C for Q-sw Er:YSGG laser
irradiation. However, the beam profile of the Q-sw Er:
YSGG laser used was gaussian, and thus the radiant expo-
sure at the center of the beam is double the value computed
using pulse energy divided by the lle2 spot size. Taking this
into account, the maximum temperature change at the tissue
surface is 290°C for Er:YSGG irradiation. Both values for
AT are sufficient to heat the tissue water to the spinodal
limit from an initial room temperature of 22°C, and their
values are consistent with the minimum AT required, 258-
2930C.
With this analysis, it is instructive to contrast the

ablation mechanism of short-pulse IR laser ablation with
UV laser ablation, where material removal proceeds
through rapid surface vaporization during irradiation.
Although the mechanism for material removal is funda-
mentally different between IR and UV ablation, the val-
ues of Tm, Fo, and Fos characterizing the laser-tissue
interaction are nearly identical for KrF-excimer and TEA
CO2 laser irradiation and for ArF-excimer and Q-sw
Er:YSGG laser irradiation, respectively (Venugopalan et
al., 1995). Consideration of the tissue chromophore, mi-
croscale thermal confinement, and available decomposi-
tion pathways are all important to understanding the
differences in thermal and mechanical injury produced by
UV and IR laser ablation. For UV ablation, material
removal is achieved through targeted destruction of the
tissue chromophore (collagen) and implies that all of the
denatured collagen is removed. This may be the reason
why the morphology of in vitro ArF- and KrF-excimer
laser ablation of tissue is free of gross mechanical injury
and exhibits minimal thermal injury (Lane et al., 1985;
Puliafito et al., 1985; Puliafito et al., 1987). By contrast,
ablation using IR sources such as Q-sw Er:YAG and TEA
CO2 lasers leaves the matrix relatively intact because of
microscale thermal confinement, and the large volumet-
ric power densities achieved by the tissue heating result

stresses. These recoil stresses can result in gross mechan-
ical tearing at the margins of the incision (Cummings and
Walsh, 1993b). In addition, as the mechanism and dy-
namics of IR ablation do not ensure the removal of all the
heated liquid, the thermal injury resulting from this tends
to be more extensive than from UV ablation (Walsh et al.,
1988; Walsh et al., 1989), despite comparable optical
absorption depths.

Although the process of explosive material removal is
fully consistent with the detailed mechanism of spinodal
decomposition or flash boiling of the heated tissue water,
other mechanisms remain viable options for explaining the
material removal process. For example, Albagli and co-
workers have observed that subthreshold irradiation of soft
tissues under inertially confined conditions results in sur-
face deformations consistent with the nucleation of subsur-
face vapor bubbles formed by the propagation of the tensile
component of the thermoelastic wave (Albagli et al.,
1994a). At higher radiant exposures, it is thought that the
dynamics of these bubbles may induce tissue disruption
mediated by cavitation. While this may be the mechanism
for TEA CO2 laser ablation, it is unlikely to be the mech-
anism for Q-sw Er:YSGG laser ablation. This is because the
negative component of the thermoelastic stress transient has
a magnitude of only -3 X 105 Pa, which is insufficient to
induce cavitation in free water or under conditions where
the water is confined within a structural tissue matrix (Fish-
er, 1948). Other processes that may provide valid descrip-
tions of the events leading to material removal in pulsed IR
laser ablation where microscale thermal confinement is
achieved include the following:

1. Tensile stresses generated by the thermoelastic mecha-
nism promote the nucleation of subsurface vapor bub-
bles, and the subsequent growth dynamics of the bubbles
disrupt the tissue structural matrix, leading to fracture
and explosive removal (TEA CO2 ablation only).

2. Laser irradiation results in heating and vaporization of
water at the tissue surface, and once this small amount of
water is removed, the water below the tissue surface is
heated and vaporized but cannot escape, because the
structure remains intact and restrains the expansion of
the heated liquid and vapor. This leads to an increase in
temperature and pressure below the tissue surface that
results in tissue fracture and explosive removal.

3. The sequence of events is identical to that in 2, with the
exception that the onset of material removal is triggered
not by stresses that exceed the ultimate tensile strength of
the native tissue but by denaturation of the collagen,
which causes an abrupt reduction in the ultimate tensile
strength of the tissue and results in sudden fracture and
explosive removal of tissue.

The first option is only viable for TEA CO2 ablation
for the reasons noted above. The second has been pro-
posed by other investigators (Verdaasdonk et al., 1990;
LeCarpentier et al., 1993), albeit within the context of
continuous-wave laser ablation. The third option is pos-
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sible because the energy density achieved in the collagen
fibrils is approximately one-quarter of that in the free
tissue water, so that tissue collagen may be denatured
before the onset of material removal. As such the abrupt
loss of tissue strength that occurs with this process may
be the event that triggers the explosion. The difference
between the situations described in 1 and 2 is important.
The first refers to a process of cavitation where the vapor
density within the bubbles is small. As such the dynamics
of the bubbles, and thus tissue fragmentation, is governed
solely by the inertia and mechanical properties of the
surrounding tissue. However, in the second case, the
vapor density is much larger and latent heat flow may
also be a factor that affects the bubble growth dynamics
and tissue fracture (Plesset and Prosperetti, 1977). It
should also be noted that situation 2 may be further
complicated by the possibility that the compressive recoil
associated with surface evaporation occurring during ir-
radiation may suppress bubble nucleation. Thus the ces-
sation of this evaporation, which occurs at the end of
irradiation, will lead to a pressure drop within the heated
volume and may be the event that triggers the subsurface
bubble growth and subsequent explosive removal of tis-
sue. Only further experimental study will conclusively
resolve the viability of each of these mechanisms and the
conditions under which they are operative.

CONCLUSIONS

The stress transients generated by pulsed laser irradiation
and ablation of porcine dermis at A = 2.79 ,um and 10.6 ,im
have been measured. Laser exposures that do not achieve
material removal produce stress transients consistent with
thermoelastic stress generation. When ablation is achieved,
the recoil stresses produced at both wavelengths suggest
that the bulk of material removal occurs with a delay rela-
tive to irradiation and proceeds via tissue fracture and
explosive material removal. This permits the formulation of
a scaling law, which relates the measured recoil stress with
the incident and threshold radiant exposures.
The results suggest that when water is the dominant

chromophore, and microscale thermal confinement is
achieved during nanosecond laser irradiation, the material
removal process is explosive. This occurs because the tissue
does not have access to a pathway for thermal decomposi-
tion and the characteristic pathway for the phase transition
of water under these conditions is through flash boiling. The
experimental results also support the hypothesis that this
photomechanical mode of material removal is insensitive to
the achievement of mechanical equilibration during irradi-
ation. Instead, when the kinetics of the thermal decomposi-
tion process is faster than the primary mode of energy
transport within the tissue, the transition from a photome-
chanical to a photothermal mode for material removal is
given by a microscale Fourier number, Fo8 at,p/62. Once
sufficient time is available during the laser irradiation for

the deposited laser energy to diffuse into the tissue struc-
tural matrix, the thermal pathway for decomposition be-
comes accessible and a transition from a photomechanical
to a photothermal mode of material removal is achieved.
This is seen experimentally when comparing nanosecond
with microsecond pulsed IR laser ablation. Specifically, the
inability of microsecond-long IR laser pulses to deliver
large volumetric power densities as well as achieve mi-
croscale thermal confinement results in a material removal
process that follows a purely photothermal rather than pho-
tomechanical pathway.
The explosive ablation mechanism operative for infrared

laser ablation where microscale thermal confinement is
achieved may account for the differences in tissue morphol-
ogy between pulsed UV and IR laser ablation. Because
tissue collagen is the primary chromophore for UV laser
ablation, tissue that is decomposed is removed. However,
the inability of IR wavelengths, whose dominant tissue
chromophore is water, to directly decompose the tissue
structure leads to an explosive removal process, resulting in
significant thermal and gross mechanical injury to the re-
maining tissue.
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