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Laser-induced shock wave effects in materials

R S_Dingus and B P Shafer
Los Aiamos Nauonal Laboratory. Los Alamos, NM 87545

ABSTRACT

A review of the effects of pressure pulses on materials is presented with an orientation toward laser-induced shock
wave effects in biological tissue. The behavior is first discussed for small amplitudes, namely sound waves, since
many important features in this region are also applicable at large amplitudes. The generation of pressure pulses hy
lasers is discussed along with amphtudes. The origin and characteristic propertles of shock waves is discussed alcng
with the different types of effects they can produce. The hydrodynamic code techniques required for shock wave

calculations are discussed along v:ith the necessary empirical data base and methods for generating that data base.
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Figure 1. Objective, outline and general references for this paper.

A general discussion of pressure waves (i matenals 1s preseniec n ths paper, as indicated in Fig 1 Although the
sabyect is trcared m generaiity. it is onented toward the effects of pressure pulses induced by pulsed lasers on
bivlogical-type tissue  The emphasis 1s upon pressures large enough 10 caiuse prompt and subsLantive chatges in the
bssue: however, the basss is hirst iad for low amplitude pressures. namely sound waves, for whict the matiicmaucs 1s
simpler due to the hincanity and associated apphicahiluy of superposiuon  Even for small ampuitudes. many of the
important fecatures exist that are also associaled with shock wa: es. also. certain aspects of the behavior for large
amplitude pressure puises can frequently be usefully approximaied by assuming hnearny. A briefl discussion of the
generauan of pressure pulses by lasers s ncluded

A thorough review of the propertes of sound waves 15 given in the Amencan Insutute of Physics Handbook !, more
dewarled references can be found there A gond treatment of shock waves 1s given in the tv.o volume 1oxt by Zcidovich
n - - - N
and Raizer=  Also, video tapes andsor lecture notes exist of informative courses given on shock waves by O. E Jones
and by D B Hayes voth from Sandia Nauenal Laborawry and by J. M Walsh from Los Alamos Nanonal Laboratory
These are prabahiy aswiabic from the authors but are also available at the Apphed Science Profisiency Program at Los
Alamos Natenal Laboratory (contact: Bent Kortegaard, Phone 505-665-1316)  Information retating (o laser-mduced
presaure puiscs tan be found m g review of pulsed-laser effects phenomenology by R S Dingus?
2. SOUND WAVES
2.1. General Character

Actiisng ¥ @3T8 are smigll-amiphude. cychie, elasiie vibr hons with frequencies. o the range frinn 15 10 200000 Hy
thal propagate wath g charactermt e veliwity cailed the sound specd. c. that depends on the properigs of the ranspon
mcdium I porpal waier, ing sehicty s aboat | 6 mmps Waves of lower frequency are referred Lo as it asound and
waves of tughicr Treguciicy -1 referred 1o as uiiraeound . Ulirasound waith freguencies of 2o 20 Mz have soavelengis,
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Figure 2, General character of sound waves,

A =c/f, of 0.8 10 0.08 mm; this small wavelength makes short bursts of ulrasound in this range useful for medical
diagnostics by timing reflections from boundaries where density or modulus changes occur. Since Lthese waves cause
only elastic vibrations, it would secm that there would be no attenuation during transport through the medium; however,
as will be discussed, there arc time dependent cffects that leave residual energy behind in the transport medium and
cause attenuation.

Figure 2 illustrates the pressure as a function of lime at some position in a material and indicates important features
associatcd with the pressure wave. If the transport medium is a solid, the pressure in the solid is more properly referred
to as stress because of material sirength; this is especially important at low amplitudes (for simplicity of discussion, this
distinction will not always be made in this paper). The materias has ambient pressure p and density p. During positive
pressure increments, the material is compressed to higher density and thus is slightly raised in temperature. During
negative pressurc increments, the density and temperature are below ambicnt values. While the pressure is rising the
particles are being accelcrated in the same dircction as the propagation of the sound wave. Similarly, while the pressure
is falling the particles are decclerated so that the particle velocity is zero when the pressu ~ returns 1o zero and becomes
negative when the pressure (stress) is below ambicent. For sound waves, the particle velucities are negligible compared
to the sound speed; however, for shock waves, the particle velocity can be large.

2.2. Amplitude
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Figure 3. Typlcal amplitudes of sound waves in alr.

For perspeclive, Fig. 3 indicates typical amplitudes of sound waves and rela'es intensity to pressure. The power
(averaged over many cycles) emitted by a normal voice is of the order of 30 microwats!. Since the signal generally

propagates uniformly in all dircctions, the intensity or flux (wnus/cmz) decreaser with the radius squared from the
source. The intensity is proportional to the pressure dilference squared. The bell has been defined as a logarithmic

level of sound based on a reference level of 1716 W/(:m2 but the decibel, db, (one te.th of a bell) is the comman value



3

used. Thus, as shown in Fig. 3, a normal voice in air at a distance of one meler has an intensity of 3x10-8 W/cm?, has a

level of 85 db and causes a pressurc increment of 4 pbar (1 bar= 106 dync/cm2 ~ 1 atmosphere). At 10 meters the
intensity is down by a factor of 100, the level is down by 20 db and the pressure increment is down by a factor of ten
from that a1 one meter. A whisper is down about 20 db from « normal voice and a shout is up about 18 db from a
normal voice. A pulsed laser incider.. on a solid might generate pressures pulses with amplitudes of bars to megabars
(sec Scctions 3 and 4.2.6; these amplitudes are many orders of magnitude larger than that of sound wavcs and will
generally result in shock waves.

23. One-Dimensional Longitudinal Waves
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Flgure 4. The speed of sound In different types of materials for one-dimensional longitudinal sound waves.

It has so far been assumed that the pressure changes cyclically; however, the discussion is also applicable to a singlc
pulse of pressure. For example, supposc a pressure as a function of time, p(t), which simply riscs to a pcak and falls to
zero is applicd to a surface over a limited arca. Throughout this paper, it will gencrally be assumed that one-
dimensional longitudinal pressure waves cxist in the region of interest; that is that relcase waves have not had time to
propagate from the edge over which the pressure was applicd into the region of inlcrest (scc Fig.4). A typical stress

(0)-strain (£y) curve for a 1D longitudinal wave in a solid is plotted in Fig. 4 (for illusirative purposcs, the shape of the
curve is cxagurated); this curve is also repotied in Fig. 4 using specific volume (V) instead of strain {g), which is a
common form for shock wave considerations. For sound waves, the strain varies lincarly with the stress, 0 = K €y, that

is, the maltcrial is in the clastic region. In the clastic region, the sound speed is independent of stress and is cqual to the
square root of the modulus K over the density. As shown in Fig. 4, the physical meaning of K for solids differs from
that for liquids or gases; this is because solids have shear strength, For a pressure wave that has traversed far into a rod,
the release wave condition stated above is not satisfied and the rod expands radially as the pressure wave passes; this
causes the yuantity K to have yel another physical meaning, namely, Young's Modulus. For large compressive stress,
the Stress-striain curve generally becomes concave upwird which causes the sound speed to increase with stress instead
of remaining constant; as will be discussed, this causes a shock wave to oceur for large stresses,



2.4. Reflection
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Flgure 5. Reflection of sound waves from Impedance mismatches.

Figurc 5 illustrates what happens when a sound wave encounters a boundary. To simplify illustration of the
rcflecied and transmitied waves in Fig. §, the sound wave incident on the boundary is assumed to be a single square
pulsc (actually the square nature is generally unrealistic). The amplitudes of the reflected and transmitted waves arc
given in Fig. 5 in terms of the relative characicristic impedances (density limes sound speed) on either side of the
boundary, Za and Zp . These amplitudes arc the result of the fact that the pressure and particle velocity must be
continuous within the iran<port medium. If Z ahcad is less than Z behind, than the reflecied wave is negative and the
transmitted wave is smaller in amplitude than the incident wave. For Z = Zg/5, the reflecied amplitude is -2/3 of the
incident amplitude and the transmitted amplitude is +1/3 of the incident amplitude. During times while the incident
wave is still incident on the boundary, the amplitude at the boundary on the behind side is the lincar superposition of the
incident and reflected amplitudes. If Z ahcad is greater than Z behind, then the reflected wave is positive but smaller
than the incident wave and the transmitted 'wave is larger in amplitude than the incident wave.

2.5. Attenuation
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Vigure 6, Attenuation of sound waves.



Because of the small amplitude, the sound wave produces only elastic defcrmations, which means that during cycles
the cnergy alicrnates back and forth between translauonal kinetic energy and potential encrgy of compression, like a
spring in simple harmonic motion. For this purely elastic behavior, one might think that therc would be no attcnuation.
However, there is attcnuation because of time dependent effects which cause some of the compression encrgy 10 be
converted 1o thermal energy which remains behind as residual heat in the material..

As indicated in Scclion 2.1, the matcrial is heated during compression which causes a temperature gradient and
resulting in heat flow. Malerials have viscosity, which can be thought of as a dashpot (representing internal friction) in
combination with clastic springs; depending on the rate of defcrmation, some work is done on the dashpot resulting in
deposited heat (sec Fig. 6). franslational compression can be relatively slowly converted to vibrational motion and left
behind as heat. For heterogeneous maicrials, the differcnt constituents can have different moduli which respond at
different rates, which also leaves cnergy behind as a pressure pulse passes.

Scattering [rom point discontinuities in the transport medium or from impedance variations in the material can also
cause aticnuation or extinction of the wave.

3. LASER-INDUTED PRESSURES
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Figure 7. Manners in which pressures are induced by pulsed laser deposition

As indicated in Fig. 7, pressures can be induced by lasers by internal deposition within semi-transparent matcrials or

by surface vaporizalion on opaque materials3. The (specific) impulse or momenium per unit area imparted to the target
is equal 1o the integral of pressure over time and, because the impulse is insensitive to the distribution of kinclic encrgy
within thie blowofl mass, it is also approximately equal 1o the square root of 2 times the mass cjccted from the surface
times the kinctic encrgy of this mass.

Even if there is no ejccted mass, a pressure can be generated but in this case, the pressure pulse must have both
positive and negative components because the impulse must be zero (the momentum of the photons i negligible). For
short laser pulscs, the induced pressure is equal 10 the Grilcnisen parameter, G, times the density times the deposited
energy per unil mass; this pressurc is the result of the material having been heated so fast that it did not have time to
cxpand. As the material cventually expands the pressure will drop. This expansion can result in the cjection of solid or
liquid material cven without any vaporization,

When the blowoff from the target involves vaporization, the induced pressure depends strongly on the iransport
medium over the surface. If the transport medium is a vacuum, the pressure drops to zero rapidly after the lascr pulse
ends. If tacre is a gas, for cxample air, in front of the target, then there will be a laser supporicd combustion or laser
supporied detonation wave and the impulse will be larger duc to the added mass of the air and the pressure will last
longer because the expansion is held up by the surrounding air. If there is a transparent liquid or solid in front of the
target, then the vapors are tamped cven more strongly: this contained vaporization can produce large structural
deformations. If the vapors are condensible at iemperatures above ambient, they will condense on the walls as the
temperature drops and, depending on the conditions, this can rclicve the pressure, thus reducing the structural
deformation, If thermal- or phoio-decomposition has produced non-condensable vapors, then the condensation process
is not available for relieving the pressure; [or certain conditions, this will result in much larger structural deformations,
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4. PRESSURE-WAVE EFFECTS

The cffecis of pressure pulses can be separaied into two classes: structural deformauons caused by work done on
relatively long time scales and pressure wave effects. Usually, the lauer involves shock fronts, or their reflection from
boundanes, where sharp, positive or negative. pressure gradients exist.

4.1. Structural Deformations

[ PRESSURE-WAVE EFFECTS )

STRUCTURAL DEFORMATION
LONG PR E LATIVELY LO PLITUDE

« MOMENTUM IMPARTED TO SHELL
PULSELENGTH LESS THAN 1/4 VIBRATION PERIOD
I=lpdt=mv; m=p h

KE=172mwv =1/2m - -> WORK

« PRESSURE CELL
LONG TERM HYDROSTATIC PRESSURE

YIELD A ;““H. 5
STRENGTH 2 )
EXCEEDED e ;
. —— W

Figure 8. Structural deformations caused by pressure pulses.

Strucinral deformations can result from pressure pulses e+ en with a relatively slow rise and fail and with a relatively
low amplitude. Asillustrated in Fig. 8. if impulse 1s imparted to a hollow shell (or membrane) in a time of less than
about one-quarter of the natural period of vibration of that shell, then the impulse (per unil area) will give the shell a
kinetic energy (per unit area) equal 10 the impulse squarcd divided by two times the mass per unit area of the shell. This
kinetic cnergy will go into work done on the shell either as heat or permanent (ignoring biological healing)
deformauons depending of the condiuons. For containcd vaporization, a pressurc cell can exist with essenually a long
lerm hydrosiatic pressure inside; 1f the pressure is sufficienily large, it will expand, possibly causing permancnt
deformations.

42. Shock Waves
4.2.1. General Character

Figure 9 illustrates important features of shock waves. Shock fronts occur when sound speed increases with stress,
whie.r, occurs at high stress in matenials. In Fig. 9, the stress 18 plotied as a function of propagation disiance for &
pressurc pulse. The pulse shape is plotied at three different times, 1] <13 <t3. Attlimet). the pulsc shape (imiial

disturbance) 1s assumed (o be slowly nising and slowly falling with a flat top. The propagation speed of any point on the
pilse 15 rqual (o the paricle velocily plus the sound speed for that point. Because of the posiive curvature of the siress
<frain wclation shown i Fig 9. the points at higher stress have higher propagauon speeds than those at lower stress
(some matcrals, such as fuscd guartz. have different shapes leading to different consequences). This causes the rising
side to develop ino a shock front which 18 nearly a discouuinuity from ambient pressure to peak pressure (hcat
conducuon and viscosity prevent it from being a perfect discontinuity) and it causes a rarefacuon fan to spread out wic
pulse on the falling side. A: the peak of the pulse. the rarcfaction fan is propagating faster than the shock fron' and
cventually overtakes it, afier which the peak amplitude of the shock front begins to decrease. If insicad in Fig. ¢, the
stress was plotted versus ime at different locaucns. the general character would be similar to the Fig 9 plots and the
arca under the pulwe (Jodt) would remain constant because of momentum conservation: thus, after the rarcfaction fan
catches the shock front, the shock front amolitude decreases approximately n inverse proportion Lo the increase m
length of the rarefacuion fan The Hugomot 1s the name assigned to the locus of points auamable by a shock: this iy
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Figure 9. General character of shock waves.

generally an empirical curve obtained from shock wave measurements; it may be a curve of stress versus specific
volume or stress versus particle velocity. The line connecting the jump from the initial density to the density associated
with the stress at the shock front. is called the Raylcigh line; this jump is adiabatic (i.e., no heat flow), but it is
irreversible. The return to ambient stress is both adiabatic and reversible, thus, it is an isentrope. The difference in arca
under the return isentrope and the Hugoniot is the net work done on the material which leads to a residual tempcrature
rise; the associated thermal expansion causes in increase in the specific volume after the wave passes. For pulscs with
micrmediatc peak stresses in solids, the Rayleigh line may intercept the Hugoniot in the elastic region, causing an
elastic precursor shock front with smaller amplitude that travels faster than the main shock front. The cusp (which
exists for solids because of their shear strength) in the Hugoniot is at a stress, referred to as the Hugoniot elastic limit,
where plastic yicld of the solid occurs; for liquids the stress reduces to a hydrostatic shock pressure and there is no cusp
in the Hugoniot.

422, Calculations

SHOCK WAVES )

CALCULATIONS

* NON-LLINEAR WAVE PROPAGATION-SUPERPOSITION DOESN'T WORK
lHowever, assumed superpasition s helpful approsimation ald
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2 MOMENTUM
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+ EMPIRICAL RELATION: U=C + 8 U  (~ 1.5 for metals)

» POWERFUL TOOLS: JUMP CONDITIONS ACROSS SHOCK FRONT
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Figure 10. Manner of performing calculations for shock waves.
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In contrast to sound waves, the superposition of waves doss not give accurate values for shock waves because the wave
propagation is non-lincar. However, assumed superposition is frequently a helpful aid for estimating approximate
behavior. Accurate evaluations require numerical calculations with hydrodynamic codes. Many different kinds of
codes have been developed to treat various special circumstances. Generally, these codes involve breaking the material
up into discrete cells with specific thermo-mechanical properties assigned to each cell and converting the differcntial
equations into finite difference equations relating the celis. The equations are solved al successive lime steps and the
code docs the book keeping 10 track the behavior with time.

These codes have four basic govemning equations: conservation of mass, momentum and energy and an equation of
state. The equation of staic basically determines the pressure from the temperature and density; however, for
convenience, this relation is frequently combined with the conservation equations to produce a rather different, but
equally valid, form. The equation of state is frequently based upon experimental data. Empirically, it has been found
that for many solids and liquids, a valid form for this equation, which is frequentiy referred to as the Hugoniol, is: the
shock speed equals the sound speed at near zero stress plus a constant times the particle velocity, where the consiant is
in the vicinity of 1.5 for metals. As indicated in Fig. 10, the conservation laws can be used to specify the jump
conditions across a shock front; these are powerful tools for making useful evaluations. In order to perform lascr-lissue
interaction calculations that include the generation of the pressure pulses, it is sometimes necessary to add thermal
radiation ransport to the hydrodynamic analysis; this becomes necessary when plasmas are formed that absorb the laser
beam producing high temperatures and consequent strong reradiation, which becomes an important secondary energy
transport mechanism.

4.2.3. Measurements

( aYd A
SHOCK WAVES SHOCK WAVES
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U-shock velocity SHEET HIG1I EXP1.OSIVE
p ~density
 PRESSURE GAUGES:
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nl
+ REPEAT FOR SERIES OF EXPERIMENTS TO MAP HUGONIOT PIEZORESISTIVE
. _— « PARTICLE VELOCITY (at frea surtace or other boundary)
AORE DATINEEDED FOR DISSIPATION AND DAMAGE LASER INTERFEROMETER--DISPLACEMENT/VELOCITY
TIIERMAL CONDUCTION CAPACITOR
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Figure 11. Measurement approach and techniques for shock waves.

Figure 11 lists measurement approachs and Lechniques for shock waves. Measurements of material behavior needed
for shock wave analysis arc generally made by applying a pressure pulse of desired amplitude 1o a sample and
mcasuring two of the four quantitics: pressure, particle velocily, shock velocity, or density. Then the jump conditions
arc uscd to calculate the other two. This is repeated for a scrics of experiments to map out the Hugoniot. If dissipation
and damage processes arc important for the calculations, then additional thermo-mechanical data may be nceded such
as: thermal conductivity, viscosity, relaxation phenomena, perraanent strain, and spall strength,

Many diagnostic tcchniques have been developed for measurements designed to oblain the necessary data basc to
perform shock wave calculations. To perform these mcasurcments it is necessary to apply a pressure pulsc of interest to
the target. Techniques for applying this pressure pulse include: pulsed laser heating, with or without ablation; flyer
plate impact with the target driven by pulsed magnetic ficlds, gas guns, or explosive foils; and sheet high explosive.
Various types of piczoclectric and piczoresistive transducers have been developed for pressure measurements,; also,
fiber optic technigues are becoming available. Particle velocity is gencrally measured at a frec surface or other
boundary using such tcchniques as a laser interfcrometry, cither it the displacement or velocity mode; capacitor gauges;
or emf gauges. Shock front velocitics can be measured by observing time of arrival through different target thicknessces.



4.2.4., Compressive Strain Damage

Figure 12 illustraies the idea behind types of compressive strain damage that might be produced during passage of a
shock front. The figure supposes that there are fibers embedded in a matrix material such as collagen in water but the
idea could also apply 1o, say, cells in water. The point is that as the shock front passes, the fibers or cells are subjected
1o a stecp sirain gradient which might cause breakage or deformation. Even if the shock front propagales in a direction
perpendicular to the fibers, breakage might occur if the fibers are not perfectly straight.
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Figure 12, Compressive straln damage. Figure 13. Tensile straln damage

4.2.5. Tensile Strain Damage

Figure 13 illustrates the idea behind types of tensile strain damage that might be produced during reflection of a
shock front from a boundary where the impedance of the material ahead is lower than the impedance of the material
behind. The figure shows a shock front approaching the boundary and the negative reflected and positive transmitted
waves which result from interaction of the pressure pulse with the boundary as discussed in Sec. 2.4. The leading edge
of the negative reflected wave is a rarefaction fan because the density is being rarefied as the leading cdge passes a
region of material. 1f the negative amplitude (tensile stress) of the reflected pulse exceeds the tensile strength (which is
rale dependent becausc of nucleation growth times) of the material, a partial or complete separation of the material will
result. This scparation is referred to as spallation (or spall) when the boundary is a free surface, or dcbonding when a
fracture is induced ncar the boundary.

42,6, E<ample of potentlal shock wave effects

Figure 14 illustrates conditions rclating 10 the use of pulsed excimer lasers to shape the cormea of the cye.
Experiments have been done with lasers having a wavelength 193 nm, a pulse length of 10 ns and a fluence per laser

PRESSURE-WAVE EFFECTS
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* Srinivasan, et sl, Lasers in Surgery and Medicine 6:514-519 (1987)
\ Trokel et al, Am J Ophthalmol 103:1741-42 (19885).

Flgure 14. An example of pressure wave effects to the eye.
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pulse of 200 mJ/cm2. Under thesc conditions, reporied values for the ablation® and pressure3 are 0.4 um per pulse and
100 bar peak amplitude with 20 ns durauon. From rough calculations, these reported values appear 10 be consistent
with modcling of the lascr-tissue interaction as described in Refs. 3, 6 and 7. Using the Hugoniot for water given in Fig.
14 (which is from high pressure data and may not be 100 accurate ai these low pressures) and conservation laws, simple
jump condition calculauons for a 100 bar shock fiont give a particle speed of 0.006 um/ns, a shock speed of 1.61 um/ns
(compared Lo ambicnt pressure sound speed of 1.60 pum/ns) and a density increase 1o 1.004 1imes the ambient density.
These values imply that afier traversing 1 cm m pure water, a 100 bar shock front would out run a low amplitude
pressure disturbance by about 40 ns. Thus, over a distance of 1 cm, a laser-induced, 100-bar pulse with 20 ns duralicn
in water would cvolve nto a shock front (if the initial rise wasn't already sharp) with perhaps some auenuation from a
rarefaction fan. Even though a large fraction of :he eye is water, the added constituents in the eye would possibly lead
to significantly larger auenuation. It seems important 10 address in detail whether or not this pressure pulse will damage
the eye. For hydrodynamic calculations, there are a number of important questions. How much attenuation occurs due
to viscosity and material heterogeneity? What are the impedance mismatches at tke various interfaces in the cye? What
are the compressive and iensile srengths of the nissue and the bonds at the interfaces?

5. SUMMARY
SHOCK-WAVE EFFECTS
SUMMARY

* SHOCK-WAVE EFFECTS CAN BE CALCULATLD

« MATHEMATICS ARE COMPLICATED

= NUMERICAL NYDRODYNAMIC CODES ART REQUIRED
» AN EMPWICAL DATA BASE I3 A NECESSITY

+ MEASUREMENT TECHNIQUES EXIST TO OBTAIN
NEEDED DATA BASE

Figure 1S, Summary of shock wave effects Iss res.

In summary, smz.ll amplitude pressure pulses, such as sound waves, produce linear disturbances in materials which
follow laws of superposition: however, understanding the low amplitude behavior provides an imporiant base for
explaining larger amplitude behavior where pressure pulses cvolve into shock fronis with rarefaction tails. The effects
of shock waves can be calculated but the mathematics are complicated because of the non-lincar propagation behavior.
As a result of this complication, numerical hydrodynamic codes are required for these calculations and an empirical data
base in these codes 15 a necessity. Measurement lechniques exist 1o obtain this data base. The effects of pressure pulses
associaled with laser-tissuc interaction can likely be advantageous (e.g., in eniancing ablation) or disadvantageous (e.g..
in causing damage 10 ncarby Lissue), so that it secms imponant 10 develop a thorough undersianding of these cffects in
order 10 optimize the use of lasers in biomed.cal applications.
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