Figure 1:
This lecture will discuss the effect of lasers and pulsed light sources on biological
tissues. 1,2

1

The figure shows a spectral camera image (one wavelength is shown, 572 nm). My right cheek look
darker because it was heated by a hot wet towel so that it became red (erythema) with increased blood flow.
My left cheek is normal. The reflectance spectra illustrate the change in reflected light due to the heatinduced erythema. This lecture does not discuss spectral cameras or other optical diagnostic applications.
2
This lecture was presented at Cal Tech, Pasadena, CA on Jan. 22, 2020.
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Figure 2:
The interactions of lasers (and other sources of light)3 with tissues can involve
1. Photochemical interactions
2. Photothermal interactions, and
3. Photomechanical interactions.
Examples of each are listed. These mechanisms of interaction are utilized in both
1. Diagnostic applications (spectroscopy, imaging, sensing), and
2. Surgical and Therapeutic applications (cutting, vaporizing, coagulating, melting, machining, oxidizing).
3

This discussion will routinely use the term “laser” to describe the light source, but it also includes other
light sources like flash lamps, LEDs, and the sun.
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Figure 3:
Consider a salad with a central main ingredient (chicken) surrounding by the garnishments (lettuce, vegetables, ...). The chicken and garnishments work together to make a
salad. A variety of salads are made by adjusting the garnishments while always keeping
the chicken.
The effects of a laser pulse on a tissue are described by the amount of light in the
tissue (fluence φ [W/cm2 ]) and the mathematics of a particular mechanism of laser/tissue
interaction (photochemical, photothermal, photomechanical). Hence, adjusting the mathematical garnishment that scales the main ingredient φ yields dosimetry for each of the
mechanisms of effect.
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Figure 4:
Replace the chicken with the fluence φ [W/cm2 ], which is the amount of light
delivered to a tissue. This is the main ingredient that causes a laser effect.
We are going to add supporting parameters (the garnishments) that convert φ (main
ingredient) into photochemical, photothermal, or photomechanical effects (the variety of
salads).
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Figure 5:
First, consider the definition of fluence.
The fluence φ [W/cm2 ] is equal to the energy concentration C [J/cm3 ] scaled by the
speed of light in the medium (i.e., the tissue).
The units of φ [W/cm2 ]] might invoke an image of optical power [W] passing through
a window of area A [cm2 ]. But within a turbid tissue where light is multiply scattered and
photons are arriving from all directions, the idea of a window does not make sense. Rather,
consider photons passing through a volume V [cm3 ], and take a snapshot of the photons in
the volume. There will be a certain number of photons in the volume, and hence a certain
concentration of energy in the volume, C [J/cm3 ].
Convert C into φ by multiplying C by the speed of light in the medium, c = c0 /n [cm/s],
where c0 is the vacuum speed of light and n is the refractive index of the medium.
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Figure 6:
Therefore, normalizing φ by the speed of light in the medium, c, yields the energy
density of photons in the medium, C [J/cm3 ]. This is the key parameter for most phototissue interactions.
The basic rule is that a photon must be absorbed before it can assert an effect on a
tissue.4

4

One exception to this rule is Optical tweezers. The momentum transfer that occurs during refraction
of light by a small object (a cell, an organelle), alters the photon’s trajectory and exerts a mechanical force
on an object without any absorption.
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Figure 7:
Let’s add some lettuce, the parameter

λ 1000
hc Nav ,

where

• λ = the wavelength in vacuum
• n = refractive index of light in medium (n ≈ 1.33 in water)
• c = speed of light in medium (c =

c0
n,

c0 = 2.99792458 × 1010 [cm/s])

3

cm
• 1000 = 1000 [ liter
]
#
• Nav = Avagadro’s number, 6.02214076 × 1023 [ mole
]

This scaling yields the concentration of photons (C) as moles/liter, also called einsteins. An irradiance of 1 W/cm2 of blue light (488-nm wavelength) in water is equivalent
to a photon concentration of 0.19×10−12 [moles/liter] or 0.19 pM.
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Figure 8:
Adding more lettuce, i.e., the parameter µax tΦ, yields the number of photons involved
in a chemical reaction:
• µax = the absorption coefficient µa [cm−1 ] for reagent x
• t = time of exposure to the laser pulse [s]
• Φ = the quantum efficiency of the reaction [dimensionless]
such that N molecules of reagent x are converted by the chemical reaction into some
product.
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Figure 9:
Adding the parameters µa t ρC1 p converts φ into the temperature jump, ∆T [degC]
induced by the laser pulse, where
• µa = absorption coefficient of tissue [cm−1 ]
• t = exposure time [s]
• ρ = density of tissue [g/cm3 ] (1 g/cm3 for water at 25◦ C)
• Cp = isobaric specific heat of tissue [J/(g K)] (4.18 J/(g K) for water at 25◦ C)
1 W/cm2 fluence times 1 cm−1 absorption coefficient yields 1 J/cm3 energy deposition,
1
= 0.239◦ C.
which would raise the temperature of water by 4.18
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Figure 10:
Replacing the factor
[J/cm3 ], where

1
ρCp

by the factor γ yields the laser-induced pressure (or stress)

• γ = the Grüneisen coefficient [dimensionless]
Note that the units of pressure are the same as the units of energy density, [J/cm3 ].
γ equals about 0.124 for water at 25◦ C, increases to about 0.50 at 100◦ C, and saturates
at about 0.85 at 500◦ C. In other words, 1 J/cm3 instantaneously deposited in water at 25◦ C
generates 0.12 J/cm3 pressure in the volume (0.12×105 [Pa] or ∼1.2 [bar]).
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Figure 11:
Let us now turn to some examples of photochemical interaction.
• a generic photo-activated conversion of A into B
• PhotoDynamicTherapy (PDT) of sarcoids in horses
• PDT of esophageal cancer in humans
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Figure 12:
A generic photo-activated conversion of A into B
The conversion of A into B is driven by absorption of light by A. The rate constant
(k1 [s−1 ]) controls the rate of conversion, and k1 is proportional to the fluence φ.
The amounts of A and B are expressed as [moles/liter] or [M].
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Figure 13:
Replace k1 by  ln(10) φ, where
•  = extinction coefficient at wavelength of laser [cm−1 M −1 ]
• ln(10): because  is traditionally reported using base 10 units, T = 10−CL , but we
are discussing T = e−µa L , where L is photon pathlength and C is molar concentration.
• φ = fluence [W/cm2 ]
The absorption coefficient, µa , equals the product of the concentration A [M] and the
extinction term  ln(10).
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Figure 14:
Now add the factor

λ 1000
h c Nav

This final expression for
light, φ.

Φ.

∂B
∂t

is linearly dependent on the concentration A and the
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Figure 15:
The expression for the rate constant k1 is shown. This k1 says what fraction of A will
be converted to B per unit time [s].
The above description governs the light-activated conversion of A to B.
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Figure 16:
An example of a photochemical reaction is PhotoDynamic Therapy (PDT).
The left figure shows a cancer cell viewed through a microscope and bathed in a solution that contains a photosensitizer. The cell is illuminated with blue light for one and two
minutes. These exposure cause “blebbing” of the cell membrane, a sign of damage.
The right figure shows cancer cells filled with a photosensitizer (protoporphyrin IX),
which is fluorescent. The figure was taken using blue light to excite fluorescence and a
camera image acquired through a red filter.
The flow diagram for PDT is shown. A photosensitive drug is photo-activated to an
excited state, which in turn reacts with molecular oxygen (O2 ) to yield singlet oxygen (O1 )
that oxidizes structures within the cell. Sufficient oxidative damage causes cell death.
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Figure 17:
Our first patient using PDT was a donkey with a sarcoid overgrowing his eye. He was
scheduled for surgical excision of his eye, but the owners begged us to try PDT.
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Figure 18:
First, the sarcoid was removed surgically. This step left behind sarcoid in the margins
of the excision, so the sarcoid would simply grow back.
Next, many superficial injections of a pre-sensitizer (ALA) into the tissue were made,
covering the wound area. The ALA was converted into the photosensitizer PPIX5 within
the mitochondria of the sarcoid cells.
Finally, red light (635 nm) was delivered to the wound for two hours. As ALA was
converted to PPIX, the light activated the PPIX to produce singlet oxygen. Since the ALAto-PPIX conversion occured in the mitochondria, the photo-activation of PPIX oxidized
the mitochondrial interior, which is led to sarcoid cell death.

5

ALA = delta-aminolevulinic acid, PPIX = proto-porphyrin IX.
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Figure 19:
One week later, after the single PCT treatment, the eye had begun to heal with no
sign of the sarcoid. The treatment saved the eye of this veterinary patient.
We went on to treat 18 sarcoid lesions on 10 horses, showing improvements in 72% of
the lesions and complete remission in 39% of lesions.6

6

SB Gustafson, K Engelking, S Jacques, R Bildfella, Clinical results of photodynamic therapy for the
treatment of sarcoid tumors in equids. Proc. of SPIE Vol. 5312:313-325, 2004.
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Figure 20:
Consider the dosimetry of PDT, when delivering a broad beam of activating light
onto the surface of a tissue receiving treatment. The light penetrates the tissue, decaying
exponentially: φ = H0 e−z/δ , where H0 is the radiant exposure7 delivered to the tissue
surface and δ is the 1/e optical penetration depth. The concentration of oxidizing species
produced (P [M]) is proportional to this delivered light. At some depth znecrosis , P drops
below the threshold Pth required to cause cell death. Tissue superficial to this znecrosis
undergoes necrosis, and tissue deeper than znecrosis suffers no effect.
The red circle in the figure shows the point P(znecrosis ) at the margin of necrosis.

7

Radiant exposure H0 = Et [J/cm2 ], E = irradiance [W/cm2 ], t = exposure time [s].
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Figure 21:
The equation that describes P(znecrosis ) at the margin of necrosis is shown.
The various parameters involved are listed, and the optical penetration depth δ is
shown in red.
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Figure 22:
Now rearrange the equation to solve for znecrosis . The depth of necrosis is linearly
proportional to the optical penetration depth δ, but proportional to the logarithm of all
the other parameters.
Doubling δ would double znecrosis . But all other parameters would have to increase
∼7-fold to double znecrosis .8
Our hospital used PDT to treat esophageal cancer in patients, and the medical staff
were very careful about the irradiance (E) and exposure time (t) administered to the
patient. But they did not consider how inflammation of the cancerous esophagus would
affect the depth of treatment (znecrosis ).

8

ln(7.39) = 2.
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Figure 23:
Our hospital used PDT to treat esophageal cancer in patients.
To illustrate the role of inflammation on the delivered PDT dose, we built a twooptical-fiber probe that delivered white light with one fiber, bouncing light off a 45◦ -angle
mirror to exit a hole in the catheter, then collecting light through a second hole off another
45◦ -angle mirror to enter a collection fiber that carried light to a spectrometer.9

9

PR Bargo, SA Prahl, TT Goodell, RA Sleven, G Koval, G Blair, SL Jacques, In vivo determination of
optical properties of normal and tumor tissue with white light reflectance and an empirical light transport
model during endoscopy. J Biomedical Optics 10(3), 034018, 2005
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Figure 24:
The figure shows the reflectance spectrum measured by the probe. The reflectance
signal is plotted versus wavelength for (1) 3 normal esophageal sites, (2) 3 cancerous
esophageal sites, and (3) a 2%-lipid solution as a calibration standard.
Note how the reflectance of the cancerous sites (red) is lower than the reflectance of
the normal sites (green), especially in the 500-600 nm wavelength range where hemoglobin
in the inflamed blood vessels strongly absorbs light. At the treatment wavelength (635
nm), the average optical penetration depth δ decreased 7.3-fold, from 3.7 mm for normal
tissue to 0.51 mm for cancerous tissue.
Therefore, the optical properties of the esophagus played a dominate role in the
PDT dose received by the patient.
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Figure 25:
Now consider photothermal effects of laser exposure on tissues, in particular the coagulative damage caused by heating a tissue.

25

Figure 26:
First, consider how a broad beam of light delivered to the surface of a volume of water
(no light scattering) will attenuate as a function of depth. Let the wavelength be chosen so
that the absorption coefficient (µa ) equals 1 cm−1 (λ = 1180 nm). The optical penetration
depth is simply δ = µ1a = 1 cm or 10 mm.
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Figure 27:
Now consider the irradiance of a tissue (similar to muscle), where the absorption
coefficient is the same value but there is light scattering. The reduced scattering is µ0s =
6.5 cm−1 , which reduces the penetration to δ = 3 mm.
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Figure 28:
Now consider the irradiance of a tissue (similar to skin), where the absorption coefficient is the same value but the light scattering has further increased to µ0s = 44 cm−1 ,
which reduces the penetration to δ = 1 mm.
These examples illustrate how the zone of energy deposition is approximated by the
1/e optical penetration depth (δ).
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Figure 29:
Alternatively, the zone of energy deposition can be specified by the local structure
that absorbs light.
Consider the case of a blood vessel whose hemoglobin content strongly absorbs light.
The tissue surrounding the blood vessel has no hemoglobin and does not strongly absorb
light. Therefore, selective absorption occurs in the blood vessel.
The figure shows the thermal relaxation of the blood vessel after heating by a short
laser pulse. Initially only the blood vessel is heated. Then thermal diffusion allows heat to
dissipate from the blood vessel. The cooling by thermal relaxation is initially very fast, but
1 th
then slows to a temperature increase equal to about 10
the initial peak temperature jump.
Cooling continues, but only very slowly. Cooling by the blood flow becomes dominant at
longer times (typically a few seconds).
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Figure 30:
The size of the optical zone of deposition (d = δ if scattering, µ1a if no scattering, or
the size of the absorbing structure) is plotted versus the pulse duration (tp [s]).
The thermal relaxation time for a planar target (eg., the basal layer of skin) is
d2
[s].10 The thermal relaxation time for a spherical target (eg., a melanosome)
τthermal = 4α
d2
is τthermal = 19α
[s] (see dashed red line). The thermal relaxation time for a cylinder (eg.,
a blood vessel) is between these two τthermal values.
The stress relaxation time is τstress =
tissue.11

d
cs ,

where cs is the speed of sound in the

Therefore, 3 zones are separated by the τthermal and τstress curves:
(1) a zone of no effect, (tp > τthermal > τstress )
(2) a zone of thermal confinement, (tp < τthermal )
(3) a zone of stress confinement (tp < τstress ).
The location of several lasers in this map are shown.
10
11

Thermal diffusivity α ≈ 1.4 × 10−3 [cm2 /s] for water, which approximates tissue.
The cs for water is ∼ 1.5 × 105 cm/s.
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Figure 31:
Coagulation of skin by a laser exposure.
The central region of the laser exposure is coagulated. A surrounding red “hyperemic
ring” is where the heating was insufficient to coagulate, but it caused vasodilation of blood
vessels and the heating caused some hemoglobin staining of the tissue.
Note the bottom of the figure where drainage of hot blood caused similar hemoglobin
staining of the skin.
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Figure 32:
The dynamics of thermal coagulation is shown as the transition from a native state
(N) to a denatured state (D), which then allows entanglement of macromolecules12 . Consequently, coagulation is irreversible.
The lattice vibration of the tissue ( kBhTK = 6.5 × 1012 [s−1 ]) acts as a master clock
(TK is temperature in Kelvin, kB is the Boltzmann constant 1.38×10−23 [J/K], h is the
planck constant 6.626×10−34 [Js]). At each tic of the clock, the target molecules equilibrate
between a transition state (N*) in which bonds are tentatively broken and the ground state
(N), according to a Boltzmann distribution (e−∆G/(RTK ) ), where ∆G is the free energy
difference [J/mole] between N and N*. Then all the N* molecules distribute between the
native state (N) and the denatured state (D), which strongly favors D due to the energy
difference between N and D.
The overall rate of denaturation,
k=

∂D
∂t

= k [s−1 ], is

kB TK −∆G/(RTK )
h e

=

kB TK ∆S/R −∆H/(RTK )
e
h e

where ∆H − T ∆S has been substituted for ∆G.13
12
Random entanglement of disentangled macromolecules aggregates into light-scattering centers, hence
cooking an egg turns its appearance from clear to white.The yolk whitens too when cooked.
13
In the literature, kBhTK e∆S/R is reported as the pre-exponential term A [s−1 ], and H is reported as the
activation energy Ea [J/mole]
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Figure 33:
The enthalpy ∆H [J/mole] characterizes the total energy required to break all the
bonds holding the target molecule together, resisting denaturation.
The entropy ∆S [J/(mole K)] multiplied by the temperature (TK ) characterizes the
total energy that would be stored in the increased heat capacity of the molecule if all the
bonds broke, allowing the structure of the molecule to unravel. The tendency to fill the
degrees of freedom that constitute heat capacity drives denaturation forward.
At the threshold for denaturation or thermal transition, the term
The ∆H and TK ∆S balance each other.

∆G
TK

is very small.

Rearrangement of the equation shows that ∆S is proportional to ∆H by a factor
1
TK .
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Figure 34:
In a review of the literature on thermal transitions14 , values of ∆S were plotted versus
∆H for various transitions. Also shown in this figure are data from Rosenberg 1971. The
line through the data showed a slope of T1K = 3.147 × 10−3 [K −1 ], described in the figure
as 44.61◦ C . On average, the incremental increase in macromolecular structure (∆S) per
incremental increase in intra-molecular bonds (∆H) is a constant (b):
∆S = a + b∆H
where a = -327.5 [J/(mole K)] and b =

1
TK

= 3.147×10−3 [K −1 ].

The x-axis shows the ∆H [J/mole] of denaturation, while an insert shows the x-axis
as “# of equivalent hydrogen bonds” broken during denaturation, where each hydrogen
bond has ∆H ≈ 19.1 kJ/mole. Most thermal transitions involve simultaneous breakage
of 20-30 equiv.Hbonds (382-573 kJ/mole). However, some molecular structures are very
highly organized and held together by larger ∆H. The more bonds, the higher the ∆H and
∆S, and the more crystalline the structure.
14

SL Jacques, Ratio of entropy to enthalpy in thermal transitions in biological tissues, J Biomedical
Optics 114, 041108, 2006
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Figure 35:
The figure plots the exposure time (t = k1 [s]) versus the exposure temperature (T◦ C)
for the threshold between coagulation and no effect. A thermal exposure must be hot
enough and long enough to cross the threshold curve.
The series of curves are for different numbers of equivalent hydrogen bonds. The more
bonds involved the steeper the slope of the threshold curve, i.e., the more crystalline the
structure and the exposure temperature becomes more important than the exposure time.
For crystalline structures with high ∆S and ∆H, the thermal transitions are rapid and
occur within a narrow temperature range.
The trigger for heat shock protein expression (#equiv.Hbonds = 90) has the steepest
slope. It is the last molecule to denature when the temperature is less than 44.6◦ C, but
the first to denature when the temperature exceeds 44.6◦ C. Other temperature-sensitive
molecules (eg., the trigger for sensing hot temperature by nerves) also have high ∆S and
∆H.
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Figure 36:
Low temperatures for a long time can achieve thermal damage, which is referred to
as hyperthermia (the red region in figure).
Clinically, warming the blood by an extracorporeal heat exchanger has been used to
heat tumors within the body and cause their death. Tumors are more temperature sensitive
than normal tissues, so tumors die but normal tissues do not.
Another example is sitting in a too-hot bath for too long, which can depress fertility
in men.
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Figure 37:
High temperatures for a short time can achieve thermal damage, which is referred to
as coagulation (the red region in figure).
An example is cooking an egg, causing the egg white to whiten.
Another example are nerves that detect high temperatures. Their high ∆S and ∆H
yield a rapid sharp thermal transition at a narrow temperature threshold.
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Figure 38:
Pulsed lasers can exert pressures in three ways:
1. explosive vaporization15
2. shock waves
3. spallation/cavitation
We begin with explosive vaporization, which involves laser-induced conversion of a
tissue’s liquid water into gaseous water.
The figure shows the explosive vaporization of water by a laser pulse (Er:YAG 170-ns
pulse, 1270-nm wavelength) that is strongly absorbed by water. A thin central disk of
water has been explosively ejected from the water surface by the energy deposited by the
laser pulse. The picture was taken by laser-flash photography.16
15

Explosive vaporization of water is involved. This discussion does not describe plasma-mediated pressure
waves, which is an important topic.
16
Photograph is acquired at 32 µs after the Er:YAG laser pulse strikes the water, using a standard film
camera and using a yellow dye laser for back illumination, such that ejected water cast a shadow. Photo
by Gary Gofstein.
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Figure 39:
A more careful calibration of the photo indicated that the central disk had been
heated to over 540◦ C by the central portion of the Gaussian-shaped beam. Hence, the
entire enthalpy of vaporization (∼2260 J/cm3 ) had been supplied by the laser.
Surrounding the disk is a ring of surface disruption as rapid evaporation occurs. This
annular ring reached temperatures from 115-540 ◦ C, which was sufficient to drive rapid
evaporation. However, each water molecule that evaporated had to borrow energy from its
neighbors to meet the enthalpy of vaporization. Hence, the neighbors were cooled by the
one evaporating water molecule. This prevented explosive vaporization.17

17

Because the Er:YAG laser penetrated only a few micrometers into the water, its beam did heat deeply
while evaporation cooled the surface, hence it did not create subsurface hotspots that would have exploded
via the “popcorn effect”.
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Figure 40:
The energy deposited in a tissue by a laser pulse falls exponentially versus depth,
Q(z) = Q0 e−z/δ .
where z is the depth position, δ is the 1/e optical penetration depth that depends on
tissue optical properties. There is a threshold Qth that typically is in the range that yields
temperatures of 115-125◦ C (but can be higher), which depends on the minimum energy
(Uabl ) required to ablate tissue. Energy density Q(z) that exceeds Qth is ablated goes into
the kinetic energy (UKE ) of the ejected mass. Beyond znecrosis where Q(z) falls below Qth ,
there is residual heating that remains in the unablated tissue.
Only about ∼0.7-11% of the water in a tissue is vaporized at the threshold of explosive
vaporization18 . But the vapor formed expands explosively and can drag solid tissue and
unvaporized water with it. Therefore, ablation occurs without vaporizing all the water,
which makes ablation more efficient than evaporation.

18 115−100
2260

= 0.0066,

125−100
2260

= 0.11
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Figure 41:
A laser pulse deposits energy Q [J/cm3 ] in a tissue versus depth z as:
Q(z) = µa φ(z)
where the fluence decays exponentially, φ(z) = kH0 e−z/δ . The factor δ depends on both
absorption and scattering, H0 is the radiant exposure delivered to the surface [J/cm2 ], and
k is a factor [dimensionless] that accounts for the light backscattered by the tissue, which
augments the delivered light at the surface.
As µa increases, δ increases, the attenuation is more rapid, and energy is deposited
more superficially. With higher µa , the energy deposition at the surface grows and more
energy goes into the kinetic energy of ablated material. The Q(z) falls rapidly and crossed
Qth sooner, so the depth of ablation per pulse is short.
As µa decreases, δ decreases, and the attenuation is slower, and energy is deposited
more deeply. With lower µa , the energy deposition at the surface is lower. The Q(z) falls
slowly and crosses Qth at a deeper z within the tissue, so the depth of ablation per pulse is
greater. Less energy goes into the kinetic energy of ablated material. It may be necessary
to increase the radiant exposure of the laser pulse to ensure that Q(z=0) = µa H0 is greater
than Qth .
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Figure 42:
The figure shows the progression of explosive vaporization of water by the Er:YAG
laser.19
At 72 µs after the laser pulse, there is still a depression of the region under the
explosively vaporized disk of water. A pressure wave has been launched into the water by
the recoil momentum of the ejected mass.

19

Photo by Gary Gofstein in the Jacques lab at Univ. of Texas M. D. Anderson Cancer Center
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Figure 43:
The pressure wave launched into the tissue can either be
1. a low-pressure wave that propagates linearly such that its shape does not change.
When a low-pressure wave passes through a cell, its structures are wiggled but they
return to their original positions.
When an ocean wave passes a buoy floating on the water surface, the buoy rises,
then falls, then returns to its original position as the wave passes.
2. a high-pressure wave that propagates nonlinearly such that the induced stress
stiffens the tissue, which increases the speed of sound and allows the trailing portion
of the wave to catch up with the leading edge of the wave. The pressure builds into a
shock wave, whose the leading edge (the shock front) delivers a discontinuous increase
in pressure (and density) to the tissue. When a shock wave passes through a cell, the
cell interior is scrambled. Nothing is in its original position.
When a tsunami hits a buoy, the buoy is moved from its original position.
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Figure 44:
Another mechanism of photomechanical damage is spallation of solids and cavitation
of liquids.
The figure shows the spallation of liver by a pulsed laser.20 The peak temperature
achieved in the liver by the laser exposure was less that 100◦ C. There is no explosive
vaporization.
The ablation is caused by the sudden thermoelastic expansion of the superficial layer
of laser-heated tissue. If the strength of the tissue cannot restrain the inertia of this
expansion, the tissue ruptures.

20

AA Oraevsky, SL Jacques, RO Esenaliev, FK Tittel, Pulsed laser ablation of soft tissues, gels, and
aqueous solutions at temperatures below 100◦ C, Lasers Surgery and Medicine 18(3):231-240, 1996.
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Figure 45:
When energy is deposited in a tissue, exponentially falling versus depth, this energy
deposition yields a pressure P (z) = P0 e−z/δ (peak pressure P0 = µa φΓ [J/cm3 ]). This
pressure then splits into a traveling pressure wave moving into the tissue and a traveling
pressure wave moving out of the tissue (in each wave, the peak pressure is P20 ). The inward
pressure wave is a compressive wave that “pushes” into the tissue.
However, if there is an air/tissue boundary at the tissue surface, the outward wave
encounters a mechanical impedance mismatch and reflects back into the tissue as an inwardtraveling negative pressure wave (tensile wave). Imagine a rubber band being pushed into
the air, being stretched in the air, then snapping back. Snap back is “pulling”.
The result is a bipolar wave consisting of a positive compressive wave followed by a
negative tensile wave.21 The tensile wave must propagate a bit before it fully develops
its negative pressure. When the negative pressure finally exceeds the threshold breaking
strength of the tissue (or liquid), the tissue disrupts. Hence, a superficial layer of tissue is
ablated (spallation) or cavitation bubbles are generated in a liquid (cavitation).
21

RS Dingus, DR Curran, AA Oraevsky, SL Jacques, Microscopic spallation process and its potential
role in laser-tissue ablation, SPIE Proceedings Vol. 2134, 1994.
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