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Invited Paper

PHYsicaAL MECHANISMS CONTROLLING THE GENERATION OF LASER-INDUCED STRESSES
V. Venugopalan*!. A. D. Zweig=, T. F. Deutsch*, N. S. Nishioka®. and B. B. Mikié¢t

*Wellman Laboratories of Photomedicine, Department of Dermatology.
Harvard Medical School, Massachusetts General Hospital. Boston, MA 02114

and

"Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139.
Abstract

The mechanisms responsible for the generation of stresses by pulsed-laser energy deposition in solids
are elucidated with special attention given to laser-tissue interactions. These mechanisms include thermal
expansion. subsurface cavity formation, ablative recoil and plasma formation and expansion. Scaling laws
are presented for the magnitude of the stresses generated by each of these processes. The effect of laser
parameters and material properties on the magnitude and temporal behavior of the stress transients is
considered. The use of these scaling laws in conjunction with measurement of stress transients produced
by pulsed laser sources may be a powerful tool in determining the physical processes which control the
response of materials to pulsed energy deposition. In addition, the controlled generation and accurate
measurement of acoustic transients may have important diagnostic and therapeutic applications.

1 Introduction

Pulsed lasers are frequently used as tools for the precise incision and excision of biological tissue.
The stress transients generated within the tissue as a result of pulsed laser heating and ablation are
receiving increased attention for their potential therapeutic and destructive effects [3. 6]. In addition, the
measurement of the stresses resulting from pulsed heating of tissue is proving to be a valuable research
tool in investigating the dynamics of laser ablation [5, 4]. However, even with this interest in laser-induced
stresses in tissue. no clear framework has been established to predict the nature of these stresses.

The objective of this paper is two fold. First, we will describe some of the physical mechanisms
responsible for the optical generation of stresses. Second. we will predict the magnitude and duration of
the stress transients associated with these mechanisms. Emphasis is placed on the development of scaling
laws which relate the characteristics of the stress transients to laser and material parameters. Once these
scaling laws are understood. experiments can be designed to discriminate between phyvsical mechanisms
that may be operative in a given laser-target interaction.

2 Thermoelastic Stress Generation

In most instances the thermoelastic effect is the dominant mechanism of stress generation in cases
where energy deposition results solely in heating and thermal expansion of the medium. For a linearly
elastic isotropic solid with constant thermophyvsical properties. the equation of motion in one-dimension
takes the form [13]:

4\ 9%u T -Ty) d?u
K+ =) — — 30k ——————— = ¢ - 1
( 3/) da? ox o (1)
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where

t - time, [s].

T - temperature. [K].

T~ — initial temperature, [K],

v — particle displacement. [m)].

x — depth within the target. [m].

B - coefficient of thermal expansion. [K~1],
k - bulk modulus. [Pa].

i — shear modulus. [Pa] and

p — tissue density. [kgm™3].

The first term in eqn. (1) represents the spatial gradient of internal stresses within the medium, the second
represents the spatial gradient of stresses produced by thermal expansion of the medium and the last
represents the net particle acceleration produced by the stress gradients.

For the cases we consider. the temperature rise results from the absorption of laser energy by the tissue.
Assuming that Beer’s law governs the absorption of the laser radiation. eqn. (1) takes the form:

4\ 9% g<"(z.1) d?u .
(s 3) gt = oo S = 2)

where T' = 33k /pc, is the Griineisen coefficient and ¢”(2,t) = ff\ (1= R)¢"(t')exp (—pqa) dt’ is the total
radiant exposure deposited up to time ¢, ¢’ being the incident irradiance. R the surface reflectivity and p,
the optical absorption coefficient. If the target surface is free. stresses that move towards the surface are
reflected back with a change in sign and results in a bipolar stress transient. In this case the initial and
boundary conditions necessary to solve eqn. (2) are:

du
u"(r.t-——vx.) = 3{ A =0. (3)
U|(x=o-.t) = ul(a:=0+.t) (4)
and
4 du
T Qi) o =38k T = —T.| =0. 5
(h + 3“) 0«1‘ (I=O+,i) IBA[ |(I—0+:t) 0 ( )

Eqn. (3) requires that the medium be at rest and stress free as time approaches —oc. Eqns. (4) and (5)
require that the particle displacement and stress be continuous across the free surface. The solution to
eqns. (2)-(5) with these conditions can be found in [2].

To derive the appropriate scaling laws we consider the situation shown in figure 1 where laser radiation
of irradiance ¢” and duration t, is incident on the free surface of an absorbing medium with absorption
coefficient yi,. We wish to characterize the stress transient measured by a stress measurement device located
at a depth 6 > pu;!. To do this. consider a layer of infinitesimal thickness d) located at a depth A where
d)\/2 < X <« 6. The total energy absorbed by this layer at a given time t is fiw iaq" (V) exp (—paA)dA dt'.
The absorption of the laser energy by the layer launches two compressive stress transients, one moving
towards the free surface o, (t) and the other moving into the bulk of the solid o} (). Since the stress
which travels towards the free surface gets reflected with a change of sign, the measured stress is given by:

s [ rt=l(s=N)/d] t=[(§+)\)/<]
ch,‘,,(.r:é.i):/ / a;g.(,\.r')dt’—/ a (A t)dt'| d). (6)
0

J - J =
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Figure 1: Measurement of acoustic transients generated by pulsed energy deposition in an absorbing
medium. See text for details.

where ¢ = [(k + 4u/3)/ p]'/%. the propagation velocity of an acoustic wave. Alternatively. the measured
stress can be expressed in terms of the laser the energy deposition:

& t—[(8=\)/<] t—[(8+\)/c]
O'M,(:L':(S,t):/ g;taexp(——ua/\) [/ q"(t’)(h"—/ q”(t')(lz"] d\. (7)
6]

—_— J =

We define a new variable £ =t — {t — [(é6 — A) /c]} which allows eqn. (7) to be written more simply as:

) ST 2\ /¢ " é )
Orr(¥=0.1) = /0 [5 La exp(—-;La/\)/O q ({+ t— ——t—) d{] dA. (8)

In eqn. (8). we see that only the energy deposited in the time interval 0 < t < 2A/c contributes to the
measured stress. Since the characteristic length scale in this process is the absorption depth A = ;! we
should consider those cases where the laser pulse duration. t, is much smaller or much larger than the char-
acteristic time 1/p,c. In the limiting case where the laser pulse duration is much shorter than the acoustic
transit time, i.e., pqct, < 1. significant particle motion occurs only after the laser pulse. Accordingly, there
is no relaxation of the stresses developed in the heated laver during the laser pulse. Thus the magnitude of
the stresses scales with the volumetric energy deposition p,c” and the Griineisen coefficient I'. In addition,
the compressive and tensile contributions to o, (x = é.t). o, (t —[(6 + A) /c]) and o, (t — [(6 — X) /¢c]),
remain separated in time. Thus the measured stress transient yields the distribution of the laser energy
within the target since the time variable can be converted to a spatial depth through the propagation
velocity ¢. This demonstrates the use of photoacoustic techniques to measure the distribution of radiation
within a medium; providing a means to determine its optical properties. This is shown in figure 2a where
tensile and compressive components of the stress transient are exponentials whose rise and decay times
scale with the absorption coefficient pu,.

In the limiting case where the laser pulse duration is much larger than the acoustic transit time. i.e.,
fact, > 1, significant particle motion occurs on the time scale of the laser pulse. This has the effect of
reducing the maximum uniaxial stress by a factor proportional to p;! [7]. As a result. the magnitude of
the laser induced stress is independent of the optical penetration depth and the scaling o,.,.(2 = §) x T'e”
applies. Since 1/p,c is very small compared to t,,. the compressive and tensile contributions to o,,(z = §)
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Fig. 2a: pect, <1
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Figure 2: Plot of the stress transients generated in the physical situation considered in figure 1. (a) The
curve is the shape of the measured stress transient in the case where p,ct, < 1. (b) The solid curve is the
measured stress transient for y,ct, > 1 for a Gaussian laser pulse shape (dashed curve).

are no longer separated in time. Instead. the measured stress is the sum of a compressive stress generated at
a given time plus a tensile stress generated a brief instant earlier. Since the magnitude of these stresses are
proportional to the laser irradiance. the magnitude of the stresses are proportional to the time derivative
of the laser irradiance. Accordingly, the duration of the stress transient is simply the duration of the
laser pulse. t,. This is illustrated in figure 2b for a Gaussian pulse shape. With the notable exception
of Q-switched Nd:YAG, Q-switched Ho:YAG. and TEA ('O, laser pulses. most laser sources fall into this
case when in the thermoelastic regime.

3 Cavity Formation

There is experimental evidence to indicate that as the radiant exposure increases, mechanical failure of
the target may occur. resulting in cavity formation below the tissue surface [12, 14]. The conditions under
which the cavity is formed are unclear although possible mechanisms include subsurface vapor formation
or localized energy deposition due to inhomogeneous absorption. In any event, once a cavity is formed
the absorption of the laser radiation by the material within the cavity leads to an increase in cavity
pressure which launches a compressive stress transient. If the laser pulse duration is short compared to the
characteristic expansion time of the cavity, the laser-induced stress will reach a maximum at the end of
the laser pulse. After the end of the laser pulse mechanical expansion of the cavity and thermal diffusion
will the relax the internal pressure. Thus the stress transient will be longer than the laser pulse and have a
decay time which scales as tjecqy x 1/apu?, o being the thermal diffusivity of the medium surrounding the
cavity. In addition, the peak stress will scale with the volumetric energy deposition ju,c” regardless of the
value of y,ct, so long as the laser pulse duration is short compared to the characteristic thermal diffusion
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Figure 3: Physical situation considered when determining the recoil stress of the ablation products. The
velocities u; and u; are given in a reference frame moving with the shock wave.

time i.e., au?t, < O(1). Stress generation characteristic of cavity formation has been observed to result
from pulsed excimer laser irradiation of polvimide [15].

4 Recoil of Ablation Products

At large energyv densities strong thermal and acoustic effects are generated within the medium and
have the ability to achieve explosive removal of biological tissue. In this case. stress waves are generated
by the recoil of the ablation products as well as by the thermoelastic response. However. due to the
strong dependence of the recoil stresses on the absorbed radiant exposure. these stresses dominate the
thermoelastic stresses at radiant exposures only nominally larger than the ablation threshold.

In order to derive the scaling law for the recoil pressure at the target surface, we will model the ablation
process as one of steady vaporization as formulated by Landau and Lifshitz [11]. We consider the one-
dimensional case where a layer of vapor at high temperature and pressure is created adjacent to the target
surface. We assume the expansion velocity of the vapor u, to be large compared to the sound velocity in
the surrounding medium. This results in the radiation of a shock traveling at velocity ws. This is shown
schematically in figure 3 where we model the vaporization process as a piston moving at a velocity u, into
the surrounding gas. In this case the equations of mass. momentum and energy conservation in a reference
frame moving with the shock wave are:

iL—l—z-lizz—lh”. (9)
vy 9
u? u3
Pt =pt = (10)
U1 (2D)
and
u? u?
hl+721—:h2+?2. (11)

In eqns. (9) and (10), the subscripts *1" and ‘2’ refer to the regions downstream and upstream of the shock
wave. Thus region 1 is the surrounding gas under ambient conditions and region 2 consists of a mixture
of ablation vapor and ambient gas which has undergone shock compression. h. 1". p, v and v refer to the
specific enthalpy, mass flux per unit area. pressure, velocity and specific volume. respectively.
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Our goal is to express the vapor flow velocity u, in terms of the pre- and post- shock pressures p; and
p2. By combining eqns. (9) and (10), we express u, as a function of the presures and specific volumes on
either side of the shock:

W, = up —uy = [(p2 —p1)(v1 — 1’2)]1/2. (12)

We then combine equs. (9)-(11) and use the relation h = pv[5/ (3 — 1)], where 7 is the ratio of specific

heats ¢,/c.. to relate the ratio of specific volumes across the shock front with the pre- and post- shock
pressures:

v2 _p(mt+1)+p(n—1)

v pim—-1)+pa(n+1)

Combining eqns. (12) and (13) we get the following quadratic equation for the compression ratio Il = py/p,

across the shock: , ,
. ulyy (11 + 1) wy (n —1)
m -2+ 2+—o— |0+ |1- 2—5—| =0, 14
[ + 22 + 22 (14)
where ¢y = /31p10s is the adiabatic sound speed in region 1. Solving eqn. (14) for II and simplifying for
the case where u, > c¢|. we get:

(13)

pon (1 + 1)“3‘
2¢3

In order to find u, we apply conservation of energy globally to this process. We assume that the energy

necessary to form the vapor is small compared to both the energy which heats the vapor and the work

done by the expanding vapor on the surrounding air. In this case energy conservation can be written as:

A7
flf - (_ll_ = q", (16)
gt dt
where 1" is the work done by the expanding vapor on the surrounding air per unit surface area and ¢ is
the internal energy of the expanding vapor per unit surface area. Letting = be the thickness of the vapor
laver. W = —pydz and ¢ = pyz/ (72 — 1). Substituting these expressions into eqn. (16). recognizing that
u, = (dz/dt) and substituting eqn. (15) for p,/p; we get

(15)

u 2(12 = 1)ciq” v (17)
Uy = . {
l Tern(m+1)m;
Substituting eqn. (17) into (15) and solving for p, gives the result:
nm+mY? (2= 1)¢” 3
P2 = ' . (18)
2 7201

This result indicates that the recoil stress can be reduced by decreasing the ambient pressure or replacing
the ambient gas with one whose adiabatic sound speed is larger (i.e.. a gas with lower molecular mass).
For those interactions where a steady state ablation process is not achieved due to the short duration of
the laser pulse. two changes must be made to the above expression. First. the irradiance ¢” should be
replaced by the radiant exposure divided by the pulse duration =”/t,. Secondly, the amount of energy left
in the target (i.e.. the threshold radiant exposure for ablation) <) should be subtracted from the radiant
exposure absorbed by the target. This leads to the following scaling law for the recoil stress [8]:

(,_.l/ v ) 2/3
Ory X [——f—h—] . (19)
ty

Here we see that close to the ablation threshold ¢/, the recoil stress increases dramatically with radiant
th 8
exposure and soon dominates the thermoelastic response which increases only linearly with .
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Figure 4: Physical situation considered when determining the recoil effects produced by plasma formation
and expansion. The velocities are given in the reference frame of the shock wave. See text for details.

5 Stresses Generated by Plasma Formation and Expansion

At higher energy densities. the irradiance of the laser radiation may be sufficient to ionize the ablation
products and form a dense plasma adjacent to the target surface. Since the plasma absorbs a non-negligible
portion of the incident laser radiation the gas-dynamics of the ablation flow is altered significantly. Thus the
scaling laws derived in the previous section do not apply when plasma mediates the laser-target interaction.

In modeling this situation we again assume that the velocity of the ablation products is much larger
than the sound velocity in the ambient gas thereby radiating a shock wave. However, since a portion of the
laser energy is also absorbed by the plasma. the shock wave is followed by a deflagration wave which is in
turn followed by a rarefaction resulting from the plasma expansion [9]. Figure 4 is a pictorial representation
of the physical situation we are considering.

We consider the case where the process of free-free absorption or inverse Bremsstrahlung is the mech-
anism responsible for plasma heating. This occurs when an electron absorbs a photon thereby moving it
from one free state to a more energetic state in the field of an ion. Assuming that the plasma collectively
has no net charge, its absorption coefficient x? in the limit where hv < kT, is given by [1]:

, (20)

» m )3/2 n273e5\?

Ha = 3\/6‘(] ('melcT6 €3c3

where

c - speed of light. = 2.99792 x 10¥ms™"'.

e — proton charge, = 1.60219 x 1072 C.

g — Gaunt factor, [-].

h - hf2m, = 1.05459 x 10734 Js,

k — Boltzmann constant, = 1.38066 x 10723 JK~?.
m. — electron mass, = 9.10953 x 1073! kg,

n; — ion density. [m™3],

T. — electron temperature. [K],
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Z - atomic number, [-].

€0 — permittivity of free space, = 8.85419 x 10712 C2J~1m~1,
A - laser wavelength. [m] and

v — laser frequency, [s71].

The specific volume and sound speed of the plasma, v3 and ¢z, are given by:

A

3= ——— and c3 =
Amyn,

- 1/2
(Z +1) ,3kT3] ! (21)

Am,,
where

A - mass number. [-].
ne — electron density, [m=3] and
m, — proton mass, = 1.67265 x 10727 kg.

These equations permit the expression of the plasma absorption coefficient in terms of the hydrodynamic

variables: -
P = 29
Ha ’U%C% (22)
where . .
_ _Z3(Z 4 1) 47w )28
=-g JimiNe (23)

7
3V6A2 m%mé’ 6863

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

S = pleat. (24)

We assume that the optical thickness & = (1) since if the plasma is transparent (i.e.. S < (1)), the
heating rate of the plasma will be small and will lead to an increase in both the rate of target vaporization
and the optical thickness of the plasma. Conversely. if the plasma is optically thick (S > (1)), the
target will be shielded by the plasma and will lead to a decrease in both the rate of vaporization and the
optical thickness of the plasma. Thus there exists an ‘equilibrium” optical thickness of the plasma where
the rate of expansion of the plasma is compensated by the supply of ionized ablation products through
vaporization. Such a situation is referred to as the “self-matched regime” after Krokhin [10]. Next, we
need to determine the relation between the velocity of the plasma expansion and the laser irradiance ¢".
We assume that a negligible amount of energy is necessary for vaporization and ionization of the target
and that the ablation products are sufficiently characterized as an ideal gas. In this case it can be shown
from energy conservation that the irradiance is related to the velocity of the ablative flow through the
relation [9]:

¢ =2 [MZZ (M§+3)]. (25)

where M; is the Mach number = uy/c;. Solving for v, and ¢, from eqns. (22), (24) and (25) we get the
following scaling laws:
d\1/4 =4\ 3/8 q’; 1/4 =\ 1/8
wx () (5) m w=(5) (5) (20)
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where ® = M, (M2 + 3) /2. Thus the pressure developed within the plasma due to laser heating is given

by the scaling law:
S 1/8 q// 3/4
=(8)"(5)"

Since the recoil stress at the target surface differs only by a multiplicative factor dependent on the
plasma characteristics. this scaling law also applies to the recoil stress at the target surface o,,. This
result shows that although the plasma mediates the interaction, the dependence of the recoil stress on the
optical thickness is very weak. This shows that our assumption that the optical thickness be (3(1) is not
critical to the final result. In addition, we find that although less energy is coupled into the target for
plasma mediated interactions. the recoil stress is more strongly dependent on the incident irradiance.

6 Summary and Conclusions

In this paper we have considered the character of the stress transients generated by thermoelastic
expansion, cavity formation, ablative recoil and plasma formation and expansion. The results indicate
that the stresses generated by each of these mechanisms display unique characteristics with regards to
their temporal behavior and with the scaling of their magnitudes with laser and material parameters.
We have shown that photoacoustic measurement techniques have the potential to determine the optical
properties of a medium. We have also shown that the recoil stresses associated with ablation rise very
sharply with increasing radiant exposure when close to the ablation threshold. Thus in the ablative regime,
a reduction in the recoil stress can be achieved with a lower pulse energyv. Alternatively. the recoil stress
can be reduced if the ambient pressure is reduced or if an ambient gas with lower molecular mass is used.
When ionization of the ablation products occurs, the scaling of the recoil stress with the incident radiant
exposure is stronger than when plasma is not present.

As interest in the effect of laser-induced stresses on biological systems increases. it is of prime importance
to characterize the stress transients to which these system will be exposed. To this end. it is hoped that
the framework presented here will aid in the design of such studies.
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