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Background and Objectiue: It is desirable for laser microsurgical 
procedures to remove tissue accurately and with minimal thermal 
and mechanical damage to adjacent non-irradiated tissues. 
Pulsed laser ablation can potentially remove biological tissue 
with microprecision if appropriate irradiation conditions are ap- 
plied. The major goal of this study was to determine whether laser 
ablation is possible at temperatures below 100°C. Another aim was 
to test thermoelastic and recoil stress magnitudes and to estimate 
their effects on phantom and biological tissue. 
Study DesignlMateriaZs and Methods: Pulsed laser ablation of 
water (aqueous solution of potassium chromate) and water con- 
taining soft tissues (collagen gel and pig liver) irradiated under 
confined stress conditions was studied. The ablation mechanism 
and stages of the ablation process were determined based on 
time-resolved measurements of laser-induced acoustic waves 
with simultaneous imaging of the ablation process by laser-flash 
photography. 
Results: This study reveals the important role of tensile ther- 
moelastic stress, which produces efficient cavitation that drives 
material ejection at temperatures substantially below 100°C. Ab- 
lation thresholds for the aqueous solution, collagen gel, and liver 
were 20,38, and 55 J/cm”, respectively, which correspond to tem- 
perature jumps of 5,10, and 15°C. Two distinct stages of material 
ejection were observed: (1) initial removal of small volumes of 
material due to the rupture of single subsurface bubbles, (2) bulk 
material ablation in the form of jets produced by intense hydro- 
dynamic motions formed upon collapse of large bubbles after 
coalescence of smaller bubbles. The duration of material ejection 
upon short-pulse ablation may vary from microseconds to sub- 
milliseconds, and depended on the mechanical properties of ma- 
terials and the incident laser fluence. 
ConcZusion: Nanosecond laser ablation of water, gels, and soft 
tissue under confined-stress conditions of irradiation may occur 
at temperatures below 100°C. This ablation regime minimizes 
thermal injury to adjacent tissues and involves thermoelastic 
stress and recoil pressure magnitudes, which may be tolerated by 
tissues adjacent to an ablated crater. Q 1996 Wiley-Liss, Inc. 

Key words: laser-induced stress, cavitation, spallation, thermal explosion, acoustic 
transducer, flash photography 

INTRODUCTION 
Accepted for publication January 30, 1995. 
Address reprint requests to Alexander Oraevsky, Electrical 
Engineering Department, Rice University, p.0, 1892, 
Houston, TX 77251-1892. 

Precise pulsed laser Of ‘Oft biologi- 
cal tissues with minimal thermal and mechanical 
damage to adjacent non-irradiated tissues is very 
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attractive for microsurgical treatments of delicate 
human organs (eye, ear, brain, etc.). The full po- 
tential precision of tissue removal by laser pulses 
can be achieved if two conditions are satisfied: (1) 
the tissue temperature rise should be low and 
transient to avoid protein coagulation, and (2) the 
stress magnitude and gradient created by abla- 
tion recoil and propagated outside the irradiated 
volume should never reach the threshold for me- 
chanical destruction of cells or tissue structures. 
In such a case, the dimensions of an ablated crater 
are defined by controlled parameters, and the di- 
ameter of a crater is very close to  the diameter of 
the laser beam with a uniform (tophat) radial in- 
tensity distribution. The most reliable way to sat- 
isfy conditions (1) and (2) is to ablate tissue at 
temperatures below the point of protein coagula- 
tion and with relatively low-amplitude stress 
transients that do not yield shock waves. The aim 
of the present study was to  describe the mecha- 
nism and necessary conditions of irradiation for 
ablation to  proceed at temperatures below 100°C. 

To date there have been a considerable num- 
ber of experimental and theoretical attempts to 
evaluate ablation mechanisms for soft biological 
tissues under various irradiation conditions [see 
review in 11. Effects of laser parameters on the 
magnitude and dimensions of thermal injury pro- 
duced by laser ablation in biological tissues have 
been reported by many groups. Pulsed laser irra- 
diation of tissues with microsecond and submilli- 
second pulses achieves ablation while avoiding 
diffusion of thermal energy outside the irradiated 
volume [21. Such thermal confinement allows 
thermal injury of tissues adjacent to  the ablation 
crater to be limited [31. 

Application of even shorter pulses generated 
by Q-switched solid state and excimer lasers (1- 
100 ns) offers a uniquely "cold" ablation regime 
[4,51. It has been demonstrated in several exper- 
imental and theoretical studies that short-pulse 
laser ablation has the advantage of being the 
least thermally damaging to adjacent tissue lay- 
ers [3-91. Because of a very high rate of laser 
energy conversion into heat in water containing 
biological media (<lo -9 s), nanosecond laser 
pulses are capable of creating a substantial ther- 
mal stress without a significant temperature rise. 
This phenomenon can be observed when a laser 
pulse heats tissue faster than the time it takes for 
the thermoelastic expansion of the heated volume 
to occur. These irradiation conditions are called 
confined-stress conditions in which stress does not 
propagate out of the irradiated volume during the 

time of heat generation by the laser pulse. The 
product of light penetration depth, speed of sound, 
and laser pulse duration yields the dimensionless 
parameter of stress confinement, J . L ~ ~  C s T ~ ,  which 
defines the degree of stress confinement upon la- 
ser heating. The threshold temperature rise for 
ablation of water and aqueous solutions under 
confined-stress irradiation conditions ( J . L , ~ , T ~  

<< 1) was found to be only 5°C CS,91. 
There is no published comprehensive exper- 

imental study on the subject of biological tissue 
ablation under confined-stress irradiation. Some 
data are evident for a "cold cavitation-based ab- 
lation evoked by thermoelastic expansion [8-101. 
Other experiments have demonstrated that the 
ablation-threshold temperature for nanosecond 
(excimer) lasers could be higher than 100°C [ll- 
131. The reasons why laser pulses with similar 
pulse length may or may not ablate tissue at tem- 
peratures below 100°C are discussed in the 
present paper. The major goal of this study was to  
answer the following two questions: What is the 
temperature of soft tissue ablation under confined 
stress conditions of irradiation? What are laser 
irradiation parameters for ablation at tempera- 
tures below lOO"C, if it all possible? 

MATERIALS AND METHODS 
Aqueous Solutions, Gels, and Liver Tissue 

An aqueous solution of potassium chromate 
(K,CrO,) was employed to study the ablation of 
clear, homogeneously absorbing liquid. Optical 
and chemical properties of aqueous K,CrO, were 
studied prior to ablation experiments. A solution 
of 1 g K,CrO, in 100 ml of distilled water yields 
an absorption coefficient of 300 cm-' at a 355-nm 
wavelength. Dilution of the initial solution allows 
manipulation of the light penetration depth in 
media under study. In contrast to  organic dye so- 
lutions commonly used in similar studies, four 
important advantages of potassium chromate 
were found: (1) Potassium chromate solution ab- 
sorbs visible and near-UV photons, and variation 
of the solution concentration allows the realiza- 
tion of any desired penetration depth of light and 
stress confinement parameter; (2) this solution is 
practically nonfluorescent and, therefore, the to- 
tal absorbed laser energy is converted into heat; 
(3) this solution is photochemically stable and its 
optical properties are not altered at high laser 
irradiance; and (4) this solution has an optical 
transmission window in the yellow-red spectral 
range, so that the ablation process above and be- 
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neath the irradiated surface of either water or gel 
can be visualized by laser-flash photography. Be- 
fore each experiment solutions were filtered 
through pStar-LB'" 0.22 pm filters (Costar Corp., 
Cambridge, MA) to  avoid effects of dust and mi- 
crobubbles on the quantitative results. 

Soft elastic collagen gels were made of gela- 
tin type A (G-2625, Sigma, St. Louis, MO). A 5% 
collagen gel colored with potassium chromate was 
used to create a model medium with optical and 
thermomechanical properties that simulate soft 
biological tissues better than a water solution. 
The absorption coefficient of the collagen gel with 
potassium chromate was very close to the absorp- 
tion of potassium chromate solution used for gel 
preparation. The scattering coefficient for the col- 
lagen gel at 355 nm was determined from colli- 
mated transmission measurements and was 
found to  be equal to 1 cm-'. A fresh pig liver was 
kept on ice for 6 hours after harvest, then warmed 
to  room temperature and used as an example of 
soft biological tissue. The measurements were 
made in gel or tissue slabs with approximate di- 
mensions of 15 mm x 15 mm x 3 mm. 

Laser Irradiation 
The samples were irradiated by a Nd:YAG 

laser operating in a Q-switched mode (model YG 
681, Quantel International, Santa Clara, CA). 
The experiments were performed at the wave- 
length of the third harmonic (A = 355 nm). The 
energy of laser pulses was measured with a cali- 
brated joulemeter (ED-200, Gentec, Canada) and 
equaled 15-30 mJ. A variable aperture was used 
to produce a homogeneous energy distribution 
with a tophat profile and a diameter of 1.1-1.4 
mm. The temporal profile of laser pulses could be 
described by a gaussian distribution with a full 
length at  the l/e amplitude of 14 ns. 

The optical properties of the media (absorp- 
tion, pa and effective scattering, p,' coefficients) 
were determined prior to ablation experiments 
employing the time-resolved stress detection tech- 
nique with an acoustic transducer and Monte- 
Carlo simulations assuming the anisotropy factor 
of 0.9 [141. It appeared that laser induced heat 
distribution in media under study were homoge- 
neous in any plane perpendicular to the laser 
beam (see Discussion). All samples were kept at a 
stable room temperature (20OC) prior to irradia- 
tion. The pulse energy fluence, H,, incident upon 
each sample was chosen such that absorbed laser 
energy density could create a subsurface temper- 
ature rise, AT, in the range from 10 to 30°C: 
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AT[oC] (1) 
= C$p.,[cm-1]H,[J/cm2]/p[g/cm3]C,[J/goC], 

where C$ accounts for the effect of diffuse backscat- 
tering of light by the medium and p C, is the 
specific heat capacity per unit volume of a me- 
dium. For clear solutions and gels, 6 equals 1. For 
liver c$ equals 1.5 for laser beam diameter of 1.1 
mm as calculated by the Monte-Carlo code, cour- 
tesy of Dr. Lihong Wang. 

Methods to Study Ablation 
Two methods, time-resolved stress detection 

and laser-flash photography, were employed to 
study the phenomena associated with the abla- 
tion process inside and outside the irradiated vol- 
ume. These methods provide complementary in- 
formation for a better understanding of ablation 
dynamics. 

Time-resolved stress detection with acoustic 
transducers (models WAT-13 and PAT-01, Sci- 
ence Brothers Inc., Houston, TX) allowed the 
study of the temporal behavior of stress tran- 
sients induced in biological tissue or other me- 
dium, and the measurement of the recoil momen- 
tum transfer upon ablation [15-171. The absolute 
pressure magnitude of the plane acoustic waves 
generated in the irradiated media and propagated 
along the laser beam axis was calculated (in the 
absence of diffraction) using measured acoustic 
transducer signals and calibration parameters de- 
scribed in Oraevsky et al. [141: 

P(z') [bar] = lO(r/2) pa[crn-l] 
F,,,[J/cm2] . R(z') . T . A(z') S, (2) 

where r is the Griineisen parameter, A is the 
acoustic wave attenuation, R is the stress relax- 
ation function, T = 1.8 is the transmittance 
through the tissue-transducer interface, and S is 
the detector response. The profile of an acoustic 
signal is determined by optical and acoustical 
properties of a medium as well as by the laser 
irradiation parameters, such as pulse duration, 
beam diameter, and energy fluence. 

Laser-flash photography gave simultaneous 
imaging of the processes related to the refractive 
index change, bubble formation inside the irradi- 
ated medium, and material ejection above the 
sample surface. This method yields a real-time 
picture of the ablation process at  various time de- 
lays relative to laser energy deposition in the me- 
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dium. The flash-photography technique consists 
of two laser pulses synchronized with nanosecond 
precision [18-201. In our experiments, an ablative 
14-11s pulse at 355 nm from Nd:YAG laser irradi- 
ated samples and a second 1-ns pulse of a colli- 
mated beam at 650 nm from a nitrogen-pumped 
dye laser illuminated the field of ablation in a 
direction perpendicular to the ablative laser pulse 
for shadow photography. Flash photography was 
applied to monitor the dynamics of ablation phe- 
nomena inside aqueous solutions and above the 
irradiated surface of aqueous solutions, gels, and 
tissues. 

RESULTS 

Figure 1 depicts temporal profiles of stress 
transients induced by 14-11s pulses of Nd:YAG la- 
ser in three media: (1) a clear aqueous solution of 
potassium chromate, (2) collagen gel, and (3) pig 
liver. There are two signals presented for each 
irradiated medium. The profiles marked S corre- 
spond to subthreshold laser fluences and those 
marked G correspond to higher laser fluences 
that were several times higher than the ablation 
threshold. 

The ablation thresholds were measured at 
the moment when a slight recoil momentum trans- 
fer can be measured by the acoustic transducer 
[8,9,17]. The initial bipolar positivelnegative 
stress wave is composed of a positive stress due to  
thermoelastic expansion and a negative stress due 
to reflection off the aidmedium interface. Recoil 
momentum transfer upon ablation increases the 
positive stress in a medium and simultaneously 
diminishes the negative stress amplitude in the 
acoustic signal (Fig. 1). After the initial bipolar 
stress transient, there is a sustained positive 
stress lasting several microseconds, which was 
caused by the sustained ejection of mass due to  
surface ablation. The ablation threshold energy 
density is defined as a product of the incident laser 
energy and medium absorption coefficient divided 
by the area of the laser beam. The temperature rise 
at the ablation threshold calculated using expres- 
sion (1) did not exceed 30°C in all three cases. The 
ablation thresholds for the aqueous solution, col- 
lagen gel, and pig liver were 20 J/cm3, 38 J/cm3, 
and 55 J/cm3, respectively, corresponding to tem- 
peratures of approximately 5"C, 1O"C, and 15°C 
above room temperature. 

Figure 2 demonstrates ablation-associated 
phenomena that occur within the irradiated solu- 
tion in the optical zone of energy deposition (Fig. 

2a,c) and above the surface of the solution (Fig. 
2b,d). The peak temperatures achieved in K,CrO, 
aqueous solution by the laser pulses were about 
40"C, which is substantially below 100°C. There 
were two distinct stages in the ablation process in 
water as depicted by the laser-flash photography 
experiments [8,9]. The first stage was presented 
as microexplosions with ejection of gas, vapor, 
and microscopic water droplets. The second stage 
was the formation of liquid jets. 

Figure 3 displays pulsed laser ablation of a 
collagen gel and a pig liver under confined stress 
conditions of irradiation. The temperature jump 
generated in the irradiated volume was about 
30°C, yielding a temperature of 51°C, which is 
substantially lower than that required to  achieve 
boiling or explosive vaporization. However, a sig- 
nificant amount of material was ejected, as seen 
on the photographs taken 15 ps after the laser 
pulse. 

DISCUSSION 
Time-Resolved Detection of Recoil Stress 

The initial spatial distribution of pressure is 
proportional to the spatial distribution of laser 
energy deposition; however, the pressure wave ar- 
riving at a distant pressure transducer can be 
modified by thermomechanical processes (cavita- 
tion and ablation) induced in the medium. The 
thermal expansion coefficient and the speed of 
sound in soft tissues are higher than those for 
water, which leads to a higher Gruneisen coeffi- 
cient in tissue (r = 0.3 at 20°C) compared with 
that in water (r = 0.12 at 20°C) [21]. Therefore, 
similar temperatures in the irradiated volume of 
aqueous solution and tissue can cause higher 
pressure amplitudes in tissues. On the other 
hand, acoustic attenuation in tissues is higher in 
tissues than in water [22]. We may conclude that 
laser-induced stress transient pressure and pulse 
shape at some distance from the point of genera- 
tion is defined by competitive processes and must 
be measured or calculated using complex thermo- 
dynamic and hydrodynamic equations. 

Time-resolved piezoelectric measurements of 
pressure waves propagating from the distributed 
pressure source can be analyzed for imaging the 
laser energy deposition in the optical zone [161 
and monitoring modifications of the expected sig- 
nal due to the onset of momentum transfer caused 
by ejected material 18-10,15,171. 

Thermal expansion of the instantly laser- 
heated substance causes a significant pressure 
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Fig. 1. Temporal profiles of laser-induced stress transients in 
three water containing media: (a) aqueous solution of potas- 
sium chromate, (b) collagen gel, and (c) pig liver. Two Nd: 
YAG laser fluences were applied for irradiation. S = signif- 
icantly lower than the threshold of ablation; G = greater 
than the ablation threshold. S-signals obtained at lower flu- 
ences were magnified for better presentation. The position of 
stress transients does not reflect the time required for the 
stress to reach the detector but was chosen to  make the sig- 
nals not overlap. 

Absorption, Scattering, Fluence, AT max 
Figure pa (cm-’1 p,’ (cm-’) H, (J/cm2) (“C) 

a 55 0 0.1511.5 2120 
b 44 -0.1 0.2512.7 3/30 
C 26 28 0.312.9 3/30 

rise in the irradiated volume. At the onset of heat 
generation in the irradiated volume, a pressure 
wave propagates in two axial directions (one to- 

ward the surface and the other into the depth of a 
medium) along the laser beam axis and in a radial 
direction. As a result of reflection of the stress 
wave from the boundary between the irradiated 
medium and the air above it, stress amplitude 
changes its sign. This converts the plane compres- 
sion wave into a tensile wave (see Fig. 1, s-pro- 
files). Thermoelastic radial expansion can cause 
radial compression of a medium with simulta- 
neous circumferential expansion of the medium. 
All tensile forces in irradiated medium are very 
important for the ablation process to occur. The 
onset of cavitation bubbles occurs in aqueous so- 
lutions when negative stress exceeds -8 to -14 
bar (4-6°C temperature jump) [9,19,201. The 
threshold depends on the initial number of gas 
microbubbles and impurities [23]. The negative 
pressure within the irradiated volume brings the 
slightly heated medium into a thermodynami- 
cally metastable phase, which results in the 
growth of cavitation bubbles [9]. When the abla- 
tion conditions are achieved, intense ejection in- 
duces an effective recoil stress that can be de- 
tected by acoustic transducer (see Fig. 1). Figure 1 
illustrates that the dynamics of the ablation pro- 
cess at temperatures substantially below 100°C 
are complex. There are two distinct stages of ab- 
lation in an aqueous solution. These two stages 
are less pronounced in collagen gel and liver tis- 
sue. The nature of these stages of material ejec- 
tion was clarified by laser-flash photography [91. 

Laser-Flash Photography of Cavitation and 
Material Ejection 

Laser-flash photography can be applied to 
monitor processes associated with ablation both 
within the optical zone and above the irradiated 
surface only in clear media (aqueous solutions 
and gels). Nevertheless, clarification of the abla- 
tion mechanisms for the model systems provides 
very useful information, which can be applied as a 
“first-approximation” to soft biological tissues. 

Photographs taken at two various time de- 
lays (1 ps and 15 ps) relative to ablative laser 
pulses depict phenomena of inception, expansion, 
coalescence, and collapse of cavitation bubbles. A 
comparison of processes above and beneath the 
surface under ablation helps to understand the 
two stages of liquid ejection. The process of mate- 
rial ejection is statistical. The first stage is asso- 
ciated with expansion of cavitation bubbles in- 
cepted in the optical zone during the propagation 
of the expansion phase of a stress transient. A 
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Fig. 2. Ablation events depicted by laser-flash photography beneath the irradiated surface 
(a,c) and above the surface (b,d) of potassium chromate (K,CrO,) aqueous solution. 

Beam diameter Absorption, Fluence, AT max 
Figures (mm) P~ bm-9 H, (J/cm2) (“C) 

a and c 1.4 50 1.23 15 
b and d 1.4 56 1.85 26 
Delay times between the 14-11s NdYAG laser pulse and the 1-ns dye-laser pulse are shown 
on each photo. 

gradient between the compression and extension 
phase is presented in Figure 2a as a horizontal 
white-and-black striped line at (see the bottom of 
Fig. 2a). The white line corresponds to the com- 
pression phase that caused the refractive index of 
liquid to increase, and the black stripe on this line 
represents a tensile wave that created a volume of 
liquid with a decreased refractive index. Figure 
2b displays the first ablation stage at the surface 
where separate cavitation bubbles expand and 
rupture. Expansion of cavitation bubbles is able 

to eject material only from a thin subsurface layer 
of an aqueous solution. The second stage of abla- 
tion is stimulated by collapse of cavitation bub- 
bles (see Fig. 2b,d). Coalescence of small cavita- 
tion bubbles into bigger bubbles with subsequent 
collapse of these large bubbles can generate shock 
waves and, more importantly, substantial hydro- 
dynamic motions directed toward the surface 
124,251. Collapse of a large bubble leads to  water 
mass motion into the volume occupied by that 
bubble to yield a water jet similar to the water jet 



Laser Ablation at Temperatures Below 100°C 237 

Fig. 3. Material ejection upon Nd:YAG pulsed laser ablation 
at 355 nm of collagen gel (a) and a pig liver (b). 

Beam 
diameter p&.,' Fluence, AT max 

Figures (mm) (cm-llcm-') H, (J/cm2) ("C) 

3a 1.1 44/-0.1 2.1 30 
3b 1.1 26128 3.1 30 
Microphotographs are taken 15 JLS after nanosecond ablative 
laser pulses. 

produced when a stone is thrown in water (see 
Fig. 2d). Propagation of the shock waves toward 
the surface with subsequent reflection from the 
free surface also may cause strains and ejection of 
liquid jets. 

Images of ejecta obtained for collagen gel 
and biological tissue (liver) can be compared with 
ablation pictures of aqueous solution (see Fig. 3). 
There is a certain similarity of irradiation pa- 
rameters required for ablation of all three me- 

dia. There is an efficient ablation that occurs in 
all media at temperatures substantially below 
100°C. In all three cases ablation requires an ex- 
pansion of irradiated volume. The tensile magni- 
tudes required for ablation are slightly different 
for various media. Different water content and 
mechanical properties of the studied media cause 
the total duration of the ejection and the shape of 
ejecta to be different. However, similar threshold 
temperatures and negative pressures required to 
initiate ablation are evidence that the basic 
mechanisms underlying ablation processes under 
confined-stress conditions are similar for aqueous 
solutions, collagen gels, and soft biological tis- 
sues. 

Ablation Mechanism for Water Containing Media 
Under Confined Stress Irradiation Conditions 

Previously reported thermal models are 
found to contradict the experimental observations 
of short-pulse laser ablation of soft tissues 1261. 
The model that depicts some important features 
of pulsed laser ablation under confined-stress con- 
ditions is the model of front-surface spallation [41. 
This model demonstrates the importance of the 
thermoelastic expansion of an instantly heated 
tissue volume. The term Laser front-surface spaZ- 
lation has been introduced in Dingus and Scam- 
mon [4] to describe tissue ejection induced by 
thennoelastic expansion and stress reflection to 
yield a negative stress wave whose magnitude ex- 
ceeds the tensile strength of a tissue. Such a one- 
dimensional hydrodynamic approach to  the de- 
scription of ablation is more appropriate for hard 
materials than for water-containing media [271. 

The kinetics of the short-pulse laser ablation 
of water-containing media is more complicated 
than that described by the spallation model. The 
process of spallation occurs not later than the mo- 
ment when the irradiated volume expands to  its 
maximal new dimensions. This time can be cal- 
culated as the effective light penetration depth 
divided by the speed of sound in the medium. For 
example, at an effective light penetration depth of 
6 = 100 bm in liver for an excimer laser at 308 
nm, and given that the speed of sound in liver is 
about 1.57 x lo5 c d s ,  it takes about 70 ns for the 
complete expansion of the irradiated volume. 
Therefore, spallation may be described as a pro- 
cess of tissue rupture delayed not more than 70 ns 
against the moment of laser energy deposition. In 
contrast to  the simple front-surface spallation 
model, our experimental results demonstrated 
that material ejection is a long-duration process 
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that starts after 100 ns, changes its nature after 
5-10 ps, and proceeds for many hundreds of mi- 
croseconds. Qualitative observation of the abla- 
tion process with laser-flash photography quanti- 
tatively supported by the time-resolved detection 
of stress transients, helped in gaining an under- 
standing of the kinetics of short-pulse laser abla- 
tion [8,91. At laser fluences that do not substan- 
tially exceed the ablation threshold, ejection 
occurs as a two-stage statistical process. During 
the first several microseconds, ablation is ob- 
served as microdisruptions of individual subsur- 
face bubbles. The second stage lasts from several 
tens of microseconds (in tissues) to several hun- 
dreds of microseconds (in water) and can be de- 
scribed as ejection of larger volumes (jets) of ma- 
terial, produced due to collapse of large cavitation 
bubbles in the volume of irradiated medium. The 
thermodynamics of laser tissue ablation is ex- 
tremely complex and involves numerous forces 
that can be induced in heated water-containing 
media and play a role tissue ablation. 

Ablation at temperatures below 100°C re- 
quires a free (unconstrained) surface (e.g., an air/ 
medium interface). A rigid surface, produced, for 
example, by an attached optical fiber, will pro- 
hibit "cold" cavitation-based ablation. Even a rel- 
atively thin water layer on a tissue surface may 
cause an increase in the ablation threshold. Tis- 
sue optical properties may also strongly affect the 
ablation-threshold temperature. High optical at- 
tenuation may yield poor stress confinement in an 
irradiated volume and lead to higher tempera- 
tures of ablation. Three-dimensional considera- 
tion of laser-induced transient stress revealed 
long-lived circumferential and shear components 
of tensile stress induced in media upon pulsed la- 
ser irradiation with a tophat radial intensity dis- 
tribution [28,29]. Negative circumferential and 
shear stress are independent of acoustic mis- 
match at the tissue boundary. However, these 
stresses have 5-10 times lower magnitude and 
occur only in the ring at the tissue surface around 
the irradiated area. Therefore, this type of nega- 
tive stress may support material ejection from the 
peripheral ring around the irradiated area ab- 
lated with fibers but not induce cavitation in the 
irradiated volume. 

Role of Microheterogeneities in Laser Absorption 
and Laser Ablation 

Our experiments demonstrated ablation of 
water-containing media at  temperatures substan- 
tiallv below 100°C. The thermal enerev distribu- 

tion in aqueous potassium chromate was homoge- 
neous under the chosen experimental conditions. 
Optical absorption by potassium chromate sol- 
vated in water is heterogeneous, and the initial 
heat is located (at a subnanosecond time scale) in 
the small volume (about 1 nm in diameter) of 
chromate surrounded by several water molecules 
of the solvating shell. However, after a 10-ns laser 
pulse heat is evenly distributed between any two 
given chromophores in the irradiated volume. 
The role of hetergogeneous absorption in tissue 
ablation by short laser pulses was studied by 
Oraevsky et al. [30]. Simple estimates are given 
later to support our conclusion that optical micro- 
chromophore centers play a negligible role in the 
thermodynamics of ablation by laser pulses 
longer than 10 ns in duration. 

The concentration, C, of potassium chromate 
used in our experiments was 1-2 mg/cm3, which 
for the molecule of K2Cr04, with a molecular 
weight of 194, means C = (5-10) * lo-" M = 
(3-6) . lo1' molecules/cm3. Therefore, the dis- 
tance, d, between dissolved molecules equals 5-7 
nm. To obtain an average temperature jump in 
the subsurface layer of irradiated medium of 25°C 
one needs 100 J/cm3 of absorbed laser energy den- 
sity, which means 1.79 - lo2' photons/cm3 at  a 
photon energy hc/X = 5.59 lop1' J (355-nm 
wavelength). This yields 15 -30 absorbed photons 
per dissolved molecule of potassium chromate per 
laser pulse. The time required for the heat diffu- 
sion process in water-containing media to  move 
thermal energy from one chromophore center to 
another (a distance of 6 nm) is equal to 

d2 ( 6 .  10-7cm)2 
4x 

THD = - = = 6.9 * 10P11s.(3) 
cm2 

4.1.3.10-3- 
S 

Therefore, thermal heterogeneities (superheated 
microchromophore centers) exist in an irradiated 
volume for only 70 ps. For a 14-ns laser pulse this 
means that before the next photon is absorbed in 
solution by a given chromophore, the heat gener- 
ated in the solvated chromophore (assume a 10 
radius or loP7 cm), 

6 - 10-lgJ/photon 
47T 

3 

= 143 J/cm3, (4) - 
Echrorn - 

-( 1 - 1 0 - 7 ~ ~ 1 3  

should diffuse out. Furthermore. En,--- vields a 
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maximal temperature-rise in a microchromo- 
phore of only about 35”C, which is still under 
100°C. 

Our experiments demonstrated that ablation 
under confined-stress conditions of irradiation 
can be described as follows. Instant laser heating 
(compared with the time of stress relaxation) al- 
lows for the generation of high-magnitude com- 
pression without a pronounced temperature rise 
followed by thermoelastic expansion of the irradi- 
ated volume. Thermoelastic tension in the heated 
volume creates the necessary conditions for the 
inception and expansion of cavitation bubbles. 
Rupture of single subsurface bubbles yields the 
initial removal of a small volume of material. Co- 
alescence of small cavitation bubbles into larger 
bubbles allows for the accumulation of substan- 
tial energy. Collapse of these large bubbles can 
generate intense hydrodynamic motions directed 
toward the surface that produce jets of ablated 
material. In addition, bubble collapse releases the 
accumulated energy and produces shock waves 
[31]. Shock waves directed toward a free surface 
can strain this surface and also slightly contrib- 
ute to mass ejection. 

CONCLUSION 

The negative phase of stress transients upon 
ablation was found to  play an important role in 
the thermodynamics of pulsed laser ablation un- 
der confined-stress conditions. A fast initial com- 
pression of the irradiated volume followed by a 
rarefaction phase creates the necessary condi- 
tions for cavitation that yields ablation at tem- 
peratures substantially below 100°C. Based on 
experimental data, the ablation process in water- 
containing media upon short-pulse laser irradia- 
tion was found to involve two stages of material 
ejection: (1) due to the expansion and (2) due to 
the collapse of cavitation bubbles. Ablation at 
sub-boiling temperatures is delayed against a la- 
ser pulse. The minimal delay is equal to the time 
it takes for the tensile stress to reach the spalla- 
tion threshold. When laser fluence is high enough 
to  make the temperature of the irradiated volume 
exceed lOO”C, tensile forces are not required for 
ablation. Cavitation (bubble formation) can occur 
even during laser energy deposition under posi- 
tive pressure (21 atm) and can be described by a 
model of thermal explosion (intense boiling). Ab- 
lation at temperatures below 100°C requires a 
free (unconstrained) surface (e.g., aidmedium in- 
terface), which efficiently reflects thermoelastic 

stress propagating in tissue along the laser beam 
axis. Thermal explosion is more effective for 
tissue removal compared with “cold” photome- 
chanical ablation. On the other hand, thermal- 
explosion-induced ablation is always associated 
with substantial recoil stress and high-amplitude 
shock waves, which may cause significant me- 
chanical damage at the cellular level [32-341. 
Ejection of an ablation plume upon “cold” cavita- 
tion driven ablation proceeds with a much lower 
initial velocity, and as a result, with a lower am- 
plitude of recoil stress. Therefore, pulsed laser ab- 
lation under confined-stress conditions of irra- 
diation minimizes thermal injury to  adjacent 
tissues, because it may occur at temperatures be- 
low 100°C and involves lower magnitude stress 
transients and recoil pressure waves. 
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