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Laser-induced shock wave effects In materials

R 5. Dingusand B P Shafer
Los Aiamos Nanonal Laboratory. Los Alamos, NM 87545

ABSTRACT

A review of the effects of pressure pulses on materials Is presented with an orlentatlon toward laser-Induced shock
wave effects In blologlcal tissue. The behavlor Is first discussed for small amplitudes, namely sound waves, since
many Important features In this reglon are also applicable at large amplitudes. The generation of pressure pulses hy
lasers Is discussed along with amphitudes. The origin and characteristic propertles of shock waves Is discussed aleng
with the different types of effects they can produce. The hydrodynamic code technlques required for shock wave

calculatlons are discussed along v:ith the necessary emplrical data base and methods for generating that data base.

1. INTRODUCTICN
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Figure I. Objectlve, outline and general references for this paper.

A ECneral Yiscus<ion of Pressufe waves in maienais 1s prescniec i thes paper. as indicated in Fig 1 Although the
subject is trcated w1 gereratily, i1 is orienied 1oward the ctfects of pressure pulses induced by pulsed lasers on
bivlogiral-lype tissue  The emphasis 15 upon pressures large encugh 10 caise prompt and substaniive cha~ges in 1he
Dssug; however, the basis 1s Girst iad for low ampivude pressures. namely sound wavces. for whick the malticmarics 1s
simpler due o the iincardy and associaied apphicah:lay of superposaion  Even for small ampuudes. many of the
imponant features exisi thar aic also assocated with shock wa' es. also. certawn aspecis of the behavior for large
amplilude pressure puises can irequentiy be uscfully approximaiec by assuming hncarny. A brief discussion of 1he
gcnerannn of pressure palses by lasers s included

A thorodgh review of the propertes of sound waves 1s given in the Amencan Instiuie of Physics Handbook!. more
detaled references car be found there A good reavmen of shock waves 1s given in the 1v.0 volume tcxt by Zcidovich
and Rarzc==  Aiser. w:deo lapes ard/or Iccture noies exist of informalive courses grven on shock waves by O. E Jones
ard by D B 1layes voth from Sandia Nanonal Laborawry and by J. M Walsh from Los Alamss Navsonat Laberatory
Theac are prehahiy as wiakic from ihic acthors bul are at~o avariabie a1 the Applied Science Profiiency Program a1 Les
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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 ultrasound in this range useful for medical
diagnostics by timing reflections from boundaries wherc density or modulus changes occur. Since these waves cause
only elastic vibrations, it would seem that there would be no attenuation during transport through the medium; however,
as will be discussed, there are time dependent effects that leave residual energy behind in the transport medium and
cause attenuation.

Figure 2 illustrates the pressure as a function of time 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
10 as stress because of material strength; this is especially important at low amplitudes (for simplicity of discussion, this
distinction will not always bc made in this paper). The materiax 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 ambient values. While the pressure is rising the
particles arc being accelerated in the same direction as the propagation of the sound wave. Similarly, while the pressure
is falling the particles arc decclerated so that the particle velocity is zero when the pressu ~ returns to zero and becomes
negative when the pressure (stress) is below ambient. For sound wavcs, the particle velocities are negligible compared
1o 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 perspective, Fig. 3 indicates 1ypical amplitudes of sound waves and rela‘es intensity to pressure. The power
(averaged over niany cycles) emitted by a normal voice is of the order of 30 microwaus!. Since the signal gencrally

propagates unifonuly in all dircctions, the intensity or flux (wnlls/cmz) decreaser whth the radius squared from the
source. The intensity is proportional 10 the pressure difference squared. The bell has been defined as a logarithmic

level of soutd based on a reference level of 1716 W/(:m2 but the decibel, db, (one te.th of a bell) is the commien value
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used. Thus, as shown in Fig. 3, a normal voice in air at a distance of one meter has an intensity of 3x 10-8 W/cm?, has a

level of 85 db and causes a pressure increment of 4 pbar (1 bar= 106 dync/cm2 ~ | 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 at one meier. 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 generatc pressures pulses with ampliludes of bars to megabars
(sce Sections 3 and 4.2.6; thesc amplitudes are many orders of magnitude larger than that of sound wavcs and will
generally result in shock waves.

23. One-Dimenslonal Longlitudinal Waves
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Flgure 4. The speed of sound In different types of materlals for one-dlinensional longltudinal sound waves.

Ithas so far been assumed that the pressure changes cyclically; however, the discussion is also applicable to a single
pulse of pressure. For example, supposc a pressure as a function of time, p(t), which simply rises 10 a pcak aud falls to
zero is applied to a surface over a limited arca. Throughout this paper, it will generally be assunied 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 cdge over which the pressure was applied into the region of intcrest (see Fig.4). A typical stress

(0)-strain (€,) curve for a tD longitudinal wave i a solid is plotted in Fig. 4 (for illusirative pumposcs, the shape of the
curve iy exapurated); this curve is also repotted in Fig. 4 using specific volume (V) instead of strain (), which is a
conimon forni for shock wave considerattons. For sound waves, the strain varies lincarly with the stress, 0 = K £y, that

is, the material is in the clastic region. In the clastic reglon, the sound speed is independent of stress and is cqual to the
square roat of the niodulus K over the censity. As shown in Fig. 4, the physical meaniug 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 stited above is not satisficd and the rod expands radiatly as the pressure wave passes; this
causes the gttty K to have yet another physical meaning, namely, Young's Modulus. For large compressive stress,
the stress-sirain curve generilly becomes concave npwirrd which ciuses the sound speed to increase with siress instead
of remaiting constant: ;18 will be discussed, this canses a shock wave to occur for large stresses.



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

Figure 5 illusirates what happens when a sound wave encounters a boundary. To simplify illustration of the
reflected and transmitted waves in Fig. 5, the sound wave incident on the boundary is assumcd to be a single square
pulse (actually the square nature is generally unrealistic). The amplitudes of the reflected and transmitted waves are
given in Fig. S in tcrms of the relative characteristic impedances (density times sound speed) on cither side of the
boundary, Z and Zg . These amplitudes are the result of the fact that the pressure and particle velocity must be
continuous within the iran<port medium. if Z ahead is less than Z behind, than the reflected wave is negative and the
transmitted wave is smatler in amplitude than the incident wave. For Z4 = Zg/5, the reflccted amplitude is -2/3 of the
incident amplitude and the transmitted amplitude is +1/3 of the incident amplitude. During times while the incident
wavc is still incident on the boundary, the amplitude at the boundary on the behind side is the linear superposition of the

incident and reflected amplitudes. If Z ahead is greater than Z behind, then the reflected wave is positive but smaller
than the incident wave and the transmitted ‘vave is larger in amplitude than the incident wave.

2.5. Attenuation
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Flgure 6. Attenuation of sound waves.



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

As indicated in Section 2.1, the matcrial is heated during compression which causes a temperature gradient and
resulting in heat flow. Matcrials have viscosily, which can be thought of as a dashpot (representing internal friction) in
combination with clastic springs; depending an the rate of deformation, some work is done on the dashpot resulting in
deposited heat (sec Fig. 6). Tfranslational 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 from 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

LASER-INDUCED PRESSURES
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Flgure 7. Manners In which pressures are iInduced by puised laser deposition

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

by si'rface vaporizalion on opaque matecrials3. The (specific) impulse or momentum per unit arca imparted to the target
is equal to the integral of pressure over time and, because the impulse is insensitive to the distribution of kinetic cnergy
within tiic blowof mass, it is also approximately equal to the square root of 2 times the mass cjected from the surface
times the kinetic energy of this mass.

Even if there is no cjected mass, a pressurc can be generated but in this case, the pressurc pulse must have both
positive and negative components because the impulse must be zero (the momentum of the photons i negligible). For
short laser pulses, the induced pressure is equal 10 the Grilenisen parameter, G, times the density times the deposited
cnergy per unit mass; this pressure is the result of the material having been heated so fast that it did not have 1ime to
cxpanr). As the materiat eventually expands the pressure wilt drop. This expansion can result in the cjection of solid or
liquid material even without any vaporization,

When the blowoff froin the target involves vaporizaition, the induced pressure depends strongly on the iransport
medium over the surface. If the transport medium is a vacuum, the pressurc drops lo zero rapidly after the laser pulse
ends. If tnere is a gas, for example air, in Iront of the target, then there will be a lascr supporied combustion or laser
supported detonation wave and the impulse will be larger duc to the added mass of the air and the pressure will Tast
longer because the expansion is held up by the surrounding air. I there is a transparent liquid or solid in front of the
target. then the vapors are tamperd even more strongly; this contained vaporization can produce large structural
deformations. I the vapors are condensible at temperatures above ambient, they will condeuse on the walls as the
temperature drops and, depending on the conditions, this can relieve the pressure, thus reducing the structural
deformation. If themiat- or phoio-deconposition has produced non-condensable vapors, then the condensation process
is not available for relieving the pressure; [or certain couditions, this will result in much larger structural defonmations.
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4. PRESSURE-WAVE EFFECTS

The cffects of pressure pulses can be separaied into two classes: structural deformanons caused by work done on
relatively loag 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 ITUDE

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

KE=112mw =1/2m - -> WORK

« PRESSURE CELL
LONG TERM HYDROSTATIC PRESSURE

YIELD 5250004 ;““H. 3%
STRENGTH M e
EXCEEDED el :
— —— J

Figure 8. Structural deformatlons caused by pressure pulses.

Structnral deformations can result from pressure pulses es en with a relatively slow rise and fail and with a relatively
low amplitude. As illustrated in Fig. 8. if impulse 1s imparted 1o 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 unit area) wilt give the shell a
kinctic energy (per unit area) equal o the impulsce squared divided by two times the mass per unit arca of the shell. This
kinetic energy will go o work done on the shell enher as heat or permancnt (ignoring biological healing)
deformations depending of the conditions. For contained vaporization, a pressurc cell can exist with essentially a long
term hydrosiatic pressure inside; 1f the pressure is sufficicnily large, it will cxpand, possibly causing permanent
decformations.

4.2. Shock Waves
4.2.1. General Character

Figure 9 1llustrates important features of shock waves. Shock fronts occur when sound speed increases with stress.
whir.I, occurs at high siress in matenials. In Fig. 9. the stress 18 plotied as a funciion of propagation distance for 2
pressure pulse. The pulse shape is ploited at three different times, 1} <1 <t3. Attimety. the pulse shape (inmal

disiurbance) 1s assumed 10 be slowly nising and slowly falling with a flat top. The propagation speed of any point on the
pilse 15 rjual 10 the panicle velocity plus the sound speed for that point. Because of the posmive curvature of the siress
<tramn s elation shown i Fig 9. the points at higher stress have higher propagation speeds than those at lower siress
(some matenals. such as fuscd quantz. have different shapes leading to different consequences). This causes the rising
side to develop imo a shock front which 15 nearly a discontinuity from ambient pressure to peak pressure (licat
conduction and viscosily prexent it from being a perfect discontinuity) and it causcs a rarefaction fan to spread out aic
pulse on 1he falling side.  A: 1he peak of the pulse. the rarcfaction fan is propagating faster than the shock frow and
cveniually overtakes 1. afier which the peak ampluude of the shock front begins to decrease. If instead in Fig. V. 1he
stress was planed versus e ar differein locancens. the generat character would be similar 10 1the Fig 9 plons and the

arca under 1he pubse (Jod) would remin constant because of momenium conservation: thus, after the rarefaction fan
caiches the shock front, the shock front amohitude decreases approximately in inverse proporiton to the micrease m
length of 1he rarcfacnion fan  The Hugoniot 15 the name assigned to the locus of points attainahle by a shock: this s
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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 fron: is called the Rayleigh 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 areca
under the return isentrope and the Hugoniot is the net work done on the material which leads to a residual temperature
rise; the associated thermal expansion causes in increase in the specific volume after the wave passes. For pulscs with
ntermediate 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 fasier than the main shock front. The cusp (which
cxists for solids because of their shear sirength) 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.LINEAR WAVE PROPAGATION-SUPERPOSITION DOESN'T WORK
llowever, assumed superpasilion ls helpful approsimation ald
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» FOUR GOVERNING EQUATIONS:
CONSERVATION OF
MASS

t

2 MOMFKNTUM
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Figure 10. Manner of performing calculations for shock waves.
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In contrast to sound wavces, 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 10 reat 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 at successive time sicps and the
code docs the book keeping 10 track the behavior with time.

These codes have four basic goveming equations: conservation of mass, momentum and energy and an equation of
state. The equation of stale 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 1o as the Hugoniol, is: the
shock speed equals the sound speed at near zero stress plus a constant times the particle velocity, where the constant 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 actoss a shock front; these are powerful tools for making useful evaluations. In order 1o perform lascr-tissue
interaction calculations that include the generation of the pressure pulses, it is sometimes necessary 1o 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
MEASUREMENTS MEASUREMENT TECHNIQUES
- PRESSURE PULSE GENERATION
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p—prassure GAS GUNS
u—particle velocity EXPLOSIVE FOILS
U-shock veloclty SHEET HIGL1 EXP1.OSIVE
p -densily
 PRESSURE GAUGES:
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nl
- REPEAT FOR SERIES OF EXPERIMENTS TO MAP HUGONLOT PIEZORESISTIVE
, EE » PARTICLE VELOCITY (at trea surtace or other boundary)
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Fligure 11. Measurement approach and technlques for shock waves.

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

Many diagnostic tcchniques have been developed for measurements designed to obtain the necessary data base to
perform shock wave calculations. To perform these measurements it is necessary to apply a pressure pulse 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 piczocleciric and piezoresistive transducers have been developed for pressure measurements,; also,
fiber optic techniques are becoming available. Particle velocity is gencrally measured at a free surface or other
boundary using such techniqucs as a laser interferometry, cither iu the displacement or velocity mode; capacitor gauges;
oremf ganges. Shock front velocities can be measurcd by obscrving time of arrival through different target thicknessces.



424, Compressive Straln 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 thai as the shock front passes, the fibers or cells are subjected
10 a stecp strain gradient which might cause breakage or deformation. Even if the shock front propagates in a direction
perpendicular to the fibers, breakage might occur if the fibers are not perfectly straight.
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Figure (2. Compressive straln damage. Figure 13. Tenslile straln damage
425, Tenslle Strain Damage

Figuze 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 reflccted wave is a rarefaction fan because the density is being rarefied as the leading cdge passes a
region of matcrial. 1f the negative amplitude (tensile stress) of the reflected pulse exceeds the tensile strength (which is
rale dependent because of nucleation growth times) of the material, a partial or complete separation of the malerial 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 relating 10 the use of pulsed cxcimer lasers to shape the comea of the cye.
Experiments have been done with lasers having a wavcelength 193 nm, a pulse length of 10 ns and a fluence per laser

PRESSURE-WAVE EFFECTS
F XAMPLE
1.ASER BEAM
o o/p =1-u/U; p=p oUu
200 my/em? Hu onlot for water
.g =1.6pm/ns+19u
At 100 bars:
u = 0.006 um/ns
Reporicd valwes:® ~ 40 ns rarefactlon in 1 cm
0.4 prvpulae
lwilrp:nl /P o= 1.004
20 ns
SUPERSONIC SIIOCK WAVE
IMPORTANT QUESTIONS:
110W MUCI! VIRCOSITY ATTENUATION?
WIIAT ARF. IMPEDANCE MISMATCIIFS?
WIIAT ARE TISSUE. STRENGTIIS®
® Srinlvasan, et al, Lasers In Surgery and Medicine 6:514-319 (1987)
\ Trokel et al, Am J Ophthalmol 103:1741-42 (19885). y

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 wm per pulse and
100 bar pcak amplitude with 20 ns duration. From rough calculations, these reported values appear 10 be consistent
with modcling of the laser-tissuc 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 at these low pressures) and conservation laws, simple
Jjump conduion calculauons for a 100 bar shock fiont give a particle speed of 0.006 umy/ns. a shock speed of 1.61 pm/ns
(compared to ambient pressure sound speed of 1.60 um/ns) and a density increase 10 1.004 times the ambient density.
These values imply that aficr traversing | cm in pure water, a 100 bar shock front would out run a low amplitude
pressure disturbance by about 40 ns. Thus, over a distance of | cm, a laser-induced, 100-bar pulse with 20 ns duraticn
in water would cvolve into 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
10 significantly larger attenuation. It seems important to 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 atienuation occurs due
to viscosily and material heterogeneity? What are the impedance mismatches at tke various interfaces in the cye? What
are the compressive and tensile strengths 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 HYDRODYNAMIC CODES ART REQUIRED
» AN EMPWICAL DATA BASE I3 A NECESSITY

- MEASUREMENT TECHNIQUES EXIS3T TO OBTAIN
NEEDED DATA BASE

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

In summary. smz.Il 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 important 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-hinear propagation behavior.
As a result of this complication, numerical hydrodynamic codes are required for these calculations and an empirical dala
base in thesc codes is a necessity. Measurement 1echniques exist to obtain this data base. The effects of pressure pulses
associaled with laser-tissuc interaction can likely be advantageous (e.g., in ennancing ablation) or disadvanlageous (c.g.,
in causing damage 1o ncarby tissue), so that it secms imporant o develop a thorough undersianding of these effects in
order 10 oplimize the use of lasers in biomed.cal applications.
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