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Laser-induced sh~k wate effecrs in materials

R S. Dingus MCI B P gal-a
Les Aiamos NaharM Laboramry. Los Alamo% NM S7.W5

A13STRACT

A review of the effects of prmure pubes on materials is presented with an orientation toward laser-Induced shock
wake dfecLs in biological tissue. The behavior Is first discussed for small amplitudes, namely sound wates, since
many im~rtant features in this region are also applicable at large amplitudes. The generation of pressure pulses h}
Iasem Is discussed along with amphtud=. The origin and chamcterlstlc properties of shock wa%es is dlwussed alcng
with the different [y- Of effec~ [hey can produce.Theh~drod}narnicCodetecllniqlrfirequired for shock wate
calculations are discussed along w Ith the necessary empirical dam base and methods for generating that data base.
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Figure 1. Objective, outline and general referent= for this paper.
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llgure 2. General character of sound wavea

k =c/f, of 0.8 to 0.08 mm; lhis small wavelength makca short bursts of uhrasound in this range useful for medical
diagnostics by timing reflections from boundaries where density or modulus changea occur. Since lhcse waves cause
only elastic vibrations, it would secm that there would be no attenuation during transpm rhrough rhc medium; however,
as will be discussed, lhcrc are time dependent effects thal leave residual energy behind in lhe transport medium and
eamc attenuation.

Figure 2 illustrates the pressure as a function of time at some position in a material and indicalcs important fealurcs
amcrciatul wil.h lhc pressure wave. If ~c Unnsport medium is a so!i~ the pressure in the solid is more properly referred
to as mess because of makriat swengti; this is especially impxtant at low amplitudes (for simplicity of diseus~ion, this

distinction will nol always be made in this paper). The rnalerku has ambient prcasure p and density p. During positive
pressure incrcmcrns, the material is compressed to higher densily and thus is slightly raised in lcmpcrature. During
ncgmivc pressure increments, tic density and temperature are Mow ambicnl viducs. While the pressure is rising the
particles arc being accelcrtmd in tic sarnc dirrxtion as k ~opagation of the sound wave. Similarly, while the pressure
is falling the particles arc dccclcralcd S0 that the parliclc velocity is zero when the -u ? rclurns to r..ro and becamcs

negalivc when rhc pressure (stress) is below ambicrw For sound wave% the particle vckzidcs are negligible mmparcd

10lhc sound speed; however, for shtxk wave% the partklc vclocit y can be large.

2.2. Amplltude
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Figure 3. Typical ampllhtties of sound wav~ in ulr.

For pcrspcclivc, Fig, 3 indicmcs [ypicd umplinulcs of sound wnvcs and relal.cs irrlcnsi[y IU prcwurc. The puwcr

(nvcrtigcd mm nun y cycles) cmillcd by a normul voice is of Ihc order of 30 mici’uwalLq1. Since ihc signal gcncrull y

propgatcs unifmrnl y in all directions, the inicru+ity ur flux (wutts/cm2) ttccrcaset whh tic rndiu~ squared (rum ihc
source, T’hc inlcnsi[ y is profnmional IU lhc pressure di ffcrencc squared. The bell has been defined as a lugtirilhmic

Icvcl of SOUIIIItmwd un u rcfcrcrwc Icvcl uf 10-1 h W/cm2 h.u the dccitrel, db, (one tc,l:h 01’a hell) is ihc commcn viduc
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used. Thus as shown in Fig. 3, a normal voice in air at a distance of one meter has art intensity of 3x 10-8 W/cm2, has a

Icvcl of 85 db and causes a pressure incrcmcnt of 4 ybar (1 b- 10-6 dyne/cm2 -1 atmosphere). At 10 mclcrs IhC
inlcnsity is down by a factor of 1LK4r.hcIevcl is down by 20 db and the pessure increment is down by a faclor of lcn
from lhal al one mclcr. A whisper is down about 20 db from A normal voice and a shout is up about 18 db from a
normal voice. A pulsed laser incidcr.t on a solid might generate pressures pulses whh ampli[udcs of bars to megabars
(see Sections 3 and 4.2.6; these amplimles are many orders of magnitude larger than that of sound wav~s and will
gcneratly resull in shock waves.

23. One-Dimensional I.mngitudinal Wava

SOUND WAVES
~inal Waves SOUND SPEED C =/K/p

2?l+’-+-
t EtASTIC REGION t
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Ii
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K
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v

Figure 4. The spmd of sound In different types of mttterlata for on~dlmensional Iongltudlnal sound waves.

[t has so fw hccn tissumcd Ihal [hc pressure chungcs cyclically; however, the discusiort is also applicithlc 10 a single

I’xJlscof twcssurc. For cxtim~lc, sunrro~wa r)rcmurc & a finction-of time. D(!). which simply rises Ii ~ twak and falls 10
;crcr is ;pplicd 10 u surfac; ovcr”~ Iimil;d mea, Throughout this p~~ri” it will gc&dl y be as~unlcd [hat onc -
ttimcnsiontil Iongit uttimd pressure waves cx isl in lhc region of intcrcsl; [hat is Ihat rcleaso waves have not had Iimc to

propogulc from [hc edge over which [hc pressure WM applied inlo tic region of inlcrest (SCCFig.4). A iypicitl SIICSS

(o)-struin (rx) wvc for u ID Iongiludinul wuvc in ti solid is plollcd in Fig. 4 (for illus;ralivc purposes, [hc shqw of the

curvc is cx:q:uriucd); Ibis curve is also rcpwcd in Fig. 4 using specific volume (V) itwcw.t d slrtiin (c%), which is ~1

common form for shock wiIvc considcriulnns. For .srmrutwitvcs, the strain vtics Iineurly with Ihc slrew, cr = K Cx, lhal

is, the mit[criill is in Nlc clu..liu region. In [bc cl~siic region, the sound speed is indcpcm.tent of swcssand is cquid [o tic
squurc rool or lhc modulus K over Ihc dcnsily, As shown in Fig. 4, the physical meaning of K for solids difrcrs from
Ihu[ ror liquids or ~ils~s; [his is hccausc snlids huvc shcur s[rcngt h, For a pressure wave that hm Imvcrscd fur inlo u rod,
lhc rclcmc wi)v~ u(mdil km s[il[~(l tih)vc is not MI islicd timl Ihc rod expands mdiull y W+[hc pressure witvc l)iL\~cs; Ibis
CW.ISCSIhc qIImII iiy K 10 Ililvc ycI iuwhcr physical mcitning, nitmcly, Young’s Modulus, For Iwgc cornprcssivc slrcss,
the slrcss-slrili t] curw g~ll~rid Iy hCCOMCS COIWIVC Upwid which cilu.scs [hc sound spccd [o incrcusc wilh sircss inslcml
Of rctniiining ~olls[illl[l ils will hc discussed, Ibis LWI.SCS iI shock wiIvc 10 mxur for Itirgc slrcsscs,



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

Figure 5 i IIus[ra[cs what hoppcns when a sound wave encounters a boundary. TO simplify illuslriuion of the

rcllcclcd and Wmsmincd waves in Fig, 5, IIIC sound wave incidcru on tic boundary is assumed to be a single square
pulse (acluully tic square nalurc is generally unrcalislic). The amplimdcs of lhc reflected and lransmiued waves arc
given in Fig. 5 in lcrms of t.hc rclalivc charactcris[ic impianccs (dcnsi[y [imcs sound speed) on cil.hcr side of the
boundary, 2A and Z~ . Thesc arrrplimdcs arc the rcsuh of the fact that the pressure and particle velocity must h

continuous wi[hin tic iran”,mrl medium. If Z ahead is Icss than Z bchincf, Ihan LhcreftccLcd wave is ncgali’fc and lhc
transmitted wave is smal Icr in amplimdc rhan IJIC incidcm wave. For ZA = ZR/5, the rcflccmd ampli[udc is -2f3 of lhc

incident arnpliludc and Ihc lransmiucd amplitude is +1/3 of the incidcm amplitude. During Iimcs while lhc incidcnl
wave is s[ill incident on tic boun~, tic amplitude IN thc boundary on IJWkhind side is tic Iincar supcrposiliorr of lhc
incidcm and rcllccIcd amplimdcs. If Z ticad is grca[cr w Z &hind, lhcn IIIC rCflCCICCIwave is positive buI smaller
than the incidcnl wave and lhc Iransmiued wave is largcI in amplimdc rhan 11’Icincidcnl wave.

2.5. Atttmutition

I SOUND WAVES
AITWULATION

L
● RESIDUAL HEATltW OF MATERIM

TIIII:RMAI, (:ONI)[J(;IIVIIY
WS(:OSIIY
Sl,ow Iwo(:lisswi -~

r+ lr~ndmlond 10 vlhrmllond mnllon

IMcrugmmus mdrrlals

. SCATTERIMO
WAVH,KT RKH,H(.TIONS FROM POINI%
IMPIIX)AN(W MISMAT(:IIILS PROM IM)IM)ARIHS

I’lgure 6, Attenuuthm of sound wuves.
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Bczausc of tic small ampliludc, the sound wave produces only elastic defcrrnations, which means that during cycles
the energy ahcrrwcs back and forth imwecn translatmrud kincric energy and potential energy of compression, like a
spring in simple harmonic motion. For this purely elastic behavior, one might think that there would b no aucnuation.
However, there is attcnuat ion because of time depmient effects which mtsc some of the compression energy to be
convmcd to thermal cnugy which remains behind as residual heat in the material..

As indicated in Scclion 2.1, the material is heated during compression which causes a temperature gradienl and
resulting in heat flow, Malcrials have viscosity, which cart be thought of as a dashpot (rcprescnling int.cmal friction) in
combinzuion with elastic springx depending on the rate of dcfcnnati~ some work is done on the dashpot resulting in
_i@ heal (SCCFig. 6). “t%mslalioti compression can be relatively slowly convermd to vibrational motion and left
behind as heat. For hcmrogcneous materials, the different constituents can have different moduli which respond at
different rmcs which also leaves energy behind as a prmsure pulse passes.

Scaucring from pinl discontinuities in the tmnspxt medium or from impcdancc variations in tic material can also
cause aucnualion or extinction of the wave,

3. LASER-INDUCED PRESSURES

LASER-INDUCED PRESSURES
INTERNAL DE ~N: SEMt-TRANSPARENT MAIERtALS

I* ULSE: 1¤ jpdl . d~

Short-Pul_: AP ■ ( r p ) AE

P s EXPANSION COEFFICIENT mp (~ VI
P~ mSPECIFIC HtlAT AT CONSTANT VOLUML

SURPACIE VAPORt7!A~: PRESSURE APPLIED TO SU*ACE
PRILSWRE DEPENLM ON TRANSPORT NUXNUM OVER SURFACE

VACUUM
l-~-2 Al

YGAS-UC or LSD AVES
L4 r Implse, I

LIQUl#$APOR-CO*%#~ VAPORIZATION
(NON.COhl)ENSIUI.E LONG TERM PRE.PWltE)

Figure 7. Mannem in which preswres arc induced by pulsed isscr deposition

As imJicahxl in Fig. 7, pressures can be induced by lawns by intcrnai depaition within Semi-rransparcnt materials or

by SITfaCC vaporization on Opaque nXNCrialS3. ~c (specific) !mpulsc or nlomcmurn per unil area imparted 10 the target
is quai m t.hcinlcgral of pressure over lime and, because the impulse is insensitive 10 the disl.ribulion of kinetic energy
within I!IC biowoff mass, it is also approxirmmcly equal 10 the square rmt of 2 [imcs the mass cjcc(cd from the surfitcc
tirncs Ihc kinclic energy of this mass.

Even if there is no cjcctcd mass, a pressure can bc gcncratcd but in this case, the pressure pulse must have both
psitivc and ncgalivc components bccausc the impulse musl bc zero (the momcmum of the photons;, negligible). For
short ktscr pulses, Ihc inducml pressure is equal 10 Ihc GrUcniscn paramcmr, G, times the dcnsi[y times the dcpnsilcd
energy per unit mms; [his pressure is the result of the matcriai having been heated so fast lh~l it did nol have lime 10
cxpnrtd. As the mitlcriitl cvcnluaiiy expands [hc pressure will drop, “~is expansion m result in Lhc cjcc[ion of solid or
Iiquld mmcrial even wilhout any viqxrrhtion,

When lhc biowoff from the largcl involves vitporiza[ion, the intluccd pressure depends strongly on ihc mnsporl
medium over lhc surface. if the transport medium is a vacuum, Lhcpressure drops 10 zero rupidly after the imcr pulse
ends. if Ificrc is a gas, for example air, in irorrl of the tnrgcl, then there wili tw a law- !wpponcd combustion” or laser

supporlcd dclonitliorr wave und [hc impulse will bc htrgcr tluc 10 the added maw of the air and the pressure will liLW
Iongcr bmmusc the expansion is hclrJ up try lhc surrounding air. if there is a [ransparcn~ iiquid or solid in fronl of the
Utrgcl, lhcn the vitpm arc ktmpcd even more s[rongly: this con~aincd vaporiz~iion Cm produce iargc slrucluritl
dcforrrmlions. if [hc vitpors m? condcnsiblc it: Icmpmwurcs ttbvc ambicnl, ihcy will com!cnsc on lhc WUIIS as Ihc
lcmpmlurc drops itnd, depending on [hc conditions, this can rclicvc lhc pressure, thus reducing Ihc wruuluritl
deformation, if lhcmwl - or phoio-dccomposii ion hw producctl non<ondcnsablc vapors, then lhc condcnswinn process
is rmt itvitilill)k for relieving [hc pressure; ror ccrlain conditions, [his will rcsuit in much Iargcr siruclurid dcformalions,
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4. PRESSURE-WAVE EFFECTS

l%e cffcas of pxsurc pulses can be sepated imo two classes: structural deforrnauons caused by work dcme on
relatively Io!lg time scales and pressure wave effeas. Usually, the Iauer involves shock from, or their rcflecuon from
boundane% where sharp, pxuive or ncgadve pressure gradients exist.

4.1. Structural Deformations

PRESSURE-WAVE EFFECTS
STRUCTURAL DEFORMATIONS

LONG PRdktlR EPIJ’tSGIUi LAIIVELY LOW AM PLtTt.DE

~ MOMENTUM IMPARTED TO SHELL

a

PULB LENGTH LE8B THAN 114 VIBRATIDN PERUD

7I=pdt=mv; m=p h
P ‘i :

KE=mm#=F/2m -+WORK
h

● PRESSURE CELL
LDNG TERM HYDROSTATIC PREB8URE

YIELD
STRENGTH
EXCEEDED

Figure 8. Structural deformations ~used by prcasttre pulses.

Strucmral dcforrrmons can result from pressure pulses PI en with a relatively slow rise and fail and wilh a rekuivel y
low amplitude. As illuswated m Fig. 8. if ~mpulse I; Impamx! to a hollow shell (or membrane) in a time of Icss than
about oncquartcr of the natural period of wbration of hat shell, then the impulse (~ urm area) will give the shell a
kmctic energy (per unit area) qual to the impulse squared diwded by two times the mass per umt area of 11’Icshell. This
kuwic energy WIII go In[o work done on [he shell cl[hcr u heat or permanent (ignoring biological healing)
deformauom dcpcm.ling of [hc condiuons. For contauml vaporixmi~ a pressure cell can cxlst with csscrmally a long
[crm hydrosla[ic pressure insdc; If the pressure is sufficiently large, it will capan~ possibly causing permanent
dcforrnwions.

4.2. Shock Waves

42.1. (kmeral Character

Figure 9 Illustrates Important features Gf shwk waves. Shock from occur when sound sped increases wiLh slress.
whlf.r, occurs at high SUCSSm ma[mlals. In Fig. 9. the stress M plotmd M a function of propagation dls[ancc for 8
pcssurc puke. The pulse shape is ploucd al lhrec dlffcrcnt times, tl e t2 c t3. At time tl. the pulse shape (mmal

dlswrbanccl ISa..sumcd m be slowly nsmg and slowly falling wnh a flm Lop. The pmpagatmn spcal of any pmm on hc
PLl~c l%. ‘lu~l m lhc pandc vCkXlly phIs the .SOUIK!sped for Ihat pint. fkcause of Ihc POSIIIVCcurvature of [hc slrcss
<Iran, ,cIfiI Ion ~ho~n m FIg Y. t.hc pom~ at hlghcr strcm have higher propagauon sp~ thun lh~~ at Iow-cr s~css

(some mmcmds. such as fused quartz. have dlffercrtt shapes leading to different cortsqucnccsl This cauxs Lhcrising
side [O develop Imrr a shock front which is nearly a dlscomlrtuity from amblcnt pressure to pxtk Prcssmc (heat
crmducmm and vlwosily Prc”icrrtILfrom Lrelnga perfan di.wontinulty) and it causes a rarefacuon fan to spread OUI inc

pulse on lhc Fdlllng wdc. A: ItIC pmk of rhc pulse. Lhc rarcfaaion fan is propagating f~mcr llmn the shock fron m!
cvcnluall y nvcr[;lkcs II. ar[cr which [hc pc,ti ~plIIudc of mC shock front kgms to tircasc. [f Inslcml m Fig. “. Ihc
s[rcssw-m plIIIIml wcr>usII mc J[ dlffcrcm ]oca[mns. \hc gcncml chmctcr would IX similar m \hc ~Ig Y ph)L> imd [hc

area umk!r IIw pulw (Iad[] would rcmiun Cons[ant hecau.se of momcruum conscmation: thin. after [hc rurcr~ulmrl fii

ciuchci [hc ~hock fron[. [hc ~!mck frnn[ amnllwdc dccrcmc.s approxlrnacly m inverse propmlon [o Ihc Inmmsc III
lcng~h of I1lC mrcfaclmn fan The } lug(mmt IS Ihc narnc aswgncd LO[hc IOCUS Of polnl,, alutmahlc hy a shwk: [his I.
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%HOCK FRONTS OCCUR, *

WHEN SOUND SPEED INCREASES WITH STRESS.

L THIS HAPPEN SAT HIGH STRESS. d

FAN FRONT

‘ C*2+U*2

C’1 +U’1

lNITIAL
DISTURBANCE

Figure 9. General charaeler of shock waves.

generally an empirical curve obtained from shock wave measurements; it may be a cwve of stress versus spcific
volume or stressversus particle velocity. ‘IIw line comecting the jump from the-initial density to the density associated
with the stress at Lhc shock front is UIllcd the Raylcigh lin~ his jump is tiabatic (i.e., no heat flow), but it is
imcversible. Thc return to ambient stress is both aiiaba[ic and revcrsibl~ thus, it is an isentropc, The difference in area
under the rctum iscntropc and rhc Hugoniot is the net work done on the material which leads to a residual temperature
rise; tic associakd rhcrmal expansion causes in increase in the spc~lc volume after the wave passes. For pulses with
mterrnediatc peak strmses in solids, the Rayleigh Iinc may inter- the Hugon.iot in the elastic region, causing an
elastic precursor shock front with smaller amplitude that nvels faster than the nuin shock front. The cusp (which
cxiscsfor solids because of their shear strength) in the Hugoniot is at a stresg referred to as the Hugoniot elastic limiL
where plastic yield of lhe solid occurs for liquids the swcssreduces to a hydrostatic shmk pressure and there is no CUSP

in the HugonioL

422. Calculations

SHOCK WAVES
CAIAXJLATIO14S

Q NONLINEAR WAVE MoPAGATToN-BUFWRPCWIION DoHiNT WORK
llOwmT, wMh# Mlperplllrm k Mph! 9+* -H

YDRODYNAMIC.NUMtlRICAL CODES REQUIRED
tlL~CRETE CELL!!/ DIFPERKNCE EQUATIONS / BOOK KIMWt’NG

. FOUR GOVERNING FQUATIONS:
CONSERVATION ok”

1 MA.SS
2 MOMKNTUM
3 ENERGY
4 EQUATK)N OF .STATE(alma b)

■ HMPltllCAL RPJ.ATION: U =C + S U @ - 1.5for mehk)

● POWERFUL T()()tS: JtJMP(’ONI)ITIONS” ACRO%..!UIOCK ~TloWT

=

FIRure Id. Manner of pcrrormlng caleulntlons for shock waves.
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in contrast to sound waves, the superposition of waves docc not give accumte values for shock waves because ~c wave
propagation is non-linear. However, assumed superposition is frequently a helpful aid for cs[imating approximate
behavior. Accurale evaluations require numerical calculations with hydrodynamic codes. Many differcnl kinds of
codes hatie bum dcvclopcd to uc.at various spczial circumstances. @mcrally, these codes involve breaking the material
up into discrete cells with specific thcrm~mcchanical properdcs assigned to each cell and converting L% differential
equations into finite differcnw equations relating the celis. The equations are solved at successive time steps and the
caic does IIYCbook kezping to mack tie behavior with lime.

These codes have four basic governing equations: cOnsenaticm of mass, momentum and energy and an equation of
state. The equalion of state basically determines the pressure from the temperature and density; however, for
eonvenicnce, lhis relation is frequently combined with the conservation equadona to produce a rather diffmnL but
equal] y valid form. The equation of state is frequently based upon expcrimenml data, Empirically, it has been found
that for many solids and liqui@ a valid form for this equatioIL which is frequemiy referred to as lhe Hugonio4 is: lhc
shock se equals the sound spxd SI near ZCJO stress plus a ~tant times the panicle velocity, where the conslant is
in he vicinity of 1.5 for metals. As indicated in Fig. 10, tie conservation laws can & used to specify the jump
conditions across a shock front these arc powerful tools for making useful evaluations. In order to perform laser-tissue
interaction calculations ihat include the generation of the pressure pulses, it is sometimes neccsrary m add thCITYISl
radiation transport to the hy&odynamic analysis this becomes Hsary when plasmas arc formed that absorb the laser
beam producing high lcmpcraturcs and consequcm strong radiation, which becomes an impcmanl secondary energy
transport mechanism.

4.23. Measurements

Y

SHOCK WAVES
MEASUREMENTS

. APPLY PRESWJREPULSETO SAMPLE

- ME&W_IRE IWO OF THE Fo!!R QUANTtTIES:
p-~sure
u-prll~ whxlly
U“lhah Wlally

p -deAly

● USEJUMP CONtMTTONSTO CALCULATE OTIIER TWO

. REPEAT FOR SERIES OF EXPERIMENT’S TO MAP HUGONIOT

. MORE DATA NIWI)EI) FOR DI.SSIPAITON AND DAMAGE
CALCULATIONS

TIIERMAL CONDUCilON
wscOstTY
RKLAXAITON PtlENOMENA
PERMANRNT (PLASTIC) SlttAtN
SPALL STRSNGTll

—.. . --

●

●

✎

●

SHOCK WAVES
MEASUREMENT TECHMQUES

PRESSURE PULSE GENERATION
PUL9ED LASER MEATING d W da mbklba
FLYERPIATES

MAGNEllC DltlWR
GAS GUNS
Smuxslwl Forts

SHEET HIGll EXP’?AEWVE

P~E~E&R~$IUG ES:

rmzz.mmmrrrve

PARTICLE VELOCITV (m* ●U- ortitw tin-]
USER mRnRO~nR--DEmCm~TmELw~Y
CAPACrTOR
EMF

SHOCK VELOCITY
ARRIVAL TIME!

I’lgure 11. Measurement approach and techniques for shock waves.

Figure 11 lists mcasurcmcnt approachs and [cchniques for shock waves. Measurements of material behavior needed
for shock wave analysis arc generally made by applying a pressure pulse of desired amplitude 10 a safripk ~d
measuring two of the four quantities: pressure, particle velocily, shock vchxity, or density. l%cn the jump conditions
are IIscd 10 calculate the other two. This is repeated for a series of experiments [o map out the Hugoniot. If dissipation
and darmtgc proccsscsarc important for the calculations, then additional lherrno-mechanica] data may be nccdcd such
as: thermal conduclivily, viscosity, relaxation p+cnomcna, pcrmancnl strain, and span strength,

Many diagnostic [cchniqucs have been dcvclopcd for measurements designed 10 obtain the n=cssary data base 10
perform shock wave calculations, TO pcrforM ticsc mcasur~cn~ it is necessary to apply a pressure pulse of inlcrcsl [O
the turgc[. Tcchniqucs for applying tl]is pressure pulse include: pulsed laser hc.sting, with or withoul ablation; flyer
plalc impact wi[h tic target driven by pulsed rnagnc[ic fields, gas gm, or explosive foilq and shec[ high explosive.
various types of piczoclcc[nc ~1,1 piczorcsistivc tr~sduccrs hCVCbeen dcvclopcd for pressure mcasurcmcnls,; also,
fiber op[ic techniques arc becoming available, Parliclc velocity is generally measured at a free surface or ol.hcr
boundary using such Icchniqucs as a laser intcrfcromcwy, ci[hcr in k displacement or vclocily mode; capacilor gauges;

or cmf gauges, Shock front vcloci[ics can be measured by obmving time of arrival through different targcl Ihickncsscs.
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42.4. Compressive Strain Damage

Figure 12 illustrates the idea behind types of compressive strain damage that might be lRoducui during passage of a
shctk front. The figure supposes that there arc fibcns emberkkl in a matrix matdal such as collagen in water but rhe
ides could also apply 10, say, cells in water. The poim is that as the shock front passe% the fibers m cells are subjected
to a steep strah gradient which might cause breakage or deformation. Even if the shcck front propagates in a direction
perpendicular to the fitms, breakage might cmur if tie fibers arc not perfectly straight.

Figure 12. Compressive strain damage.

425. Tensile Stmin Damage

SHOCK WAVES EFFECTS I
TENSILE STRAIN DAMAGE I

It’tGH I=ANCE LOW LMPEDANCE

aWMCTED TENSILE WA= FROM LOW IMPEDANCE
StOUNDAR~ CAN CAUSESPALLOR DELAMINATION 11

\- d )
F@re 13. Tensile strain damage

Hgwe 13 illustrates the idea behind typs of tensile strain damage that might be prcduced during reflection of a
shcrk 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 appwching the Imundzuy and the negative reflected and positive trmitted
waves which result from interaction of the pressure pulse with tie boundary as discussed in SW. 2.4. The leading edge
of the negalive rcllecmd wave is a rarcfaction fan because the density is being rarefied as the leading edge passes a
region of material. lf the negative amplitude (tensile SUCSS)of the reflected pulse exceeds the tensile strength (which is

rate depcndcm bccausc of nucleation growth time@ of tie rnatcr~, a partial or complete separation of the matcnial will
result. This scpartuion is referred to as spttllation (or span) when the boundary is a free surface, or dcbonding when a
fracture is induced near lhc boundary.

42.6. hample of potential shock wave effects

Figure 14 illuslralcs conditions relating to the use of pulsed cxcimcr lasers to shape the cornea of the eye.
Experiments have been done with lasers having a wavelength 193 nm, a pulse length of 10 ns and a flucncc per laser

[ PRESSURE-WAVE EFFECTS
LASERREAM

EXAMPLE

‘*—=

●

0.4 @puk
100bm prmb
20 m

( p /p ~=1.otM J

!WPEM.SON[C SIKXK WAVE 7

~
WIIAT ARE YMPSDANCEMISMATCIIFXH

, I-XI InSurnwy ●d Mc4klme6:914S19(IH7)
J OPMMMOI 103:1741-42(lnS).

Figure 14. An example of pres..ure wave effects to the eye.
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pulse of 2(XIrnJ/cm2. Under these conchrions.reporuxt vatues for r.heablation4 and pressures are 0.4 m pcr pulse and
lWt bar peak arnpllmdc wilh 20 ns durauon. From rough calculations, these repmczt values appear LObe consistent
with mcdclingOf !hc Imcr-tissue in[~tion cs d~~ in Refs. 36 and7. Using the Hugoniot for water gwen in Fig.
14 fwhlch is from high prcssmc dau and may not be too accurate at LIWSClow pressuses) and conservation laws simple
jump condllion calcuktuons for a I(XI bar shcck flont give a particle sped of 0.C0t5 psn,fns,a shock .qwd of 1.61 @
(cornparcd 10 amblcm pressure sound speed of 1.60 psmhs) and a density increase LO1.004 times tie ambient density.
These values imply IJ’Iataflcr mavcrsing 1 cm m pure wa[er, a 1(M)bar shock front would OU[ run a low arnpktudc
FCSsure disturbance by about 40 ns. 11’rus,over a distance of 1 cm. a laser-induc.ecL 100-bas pulse with 20 ns dusatiut
in water would CVOIVCmto a shock from (if NW initial rise wagn”talready sharp) with pedulps some auenuation frOm a
rarefaction fan. Even though a large fraction of ‘he eye is water, the added const.huenrsin the eye would pssibl y lead
to significantly larger aucnuation. h scans important to address in detail whether or not MIS pressure pulse will damage
the eye. For hydratynamic calculations, there are a nurnbcs of imprtant questions. How mLCh attenuation occurs due
to viscosi[y and ma~ial he[crogeneity? What are the @wMance mimatches at the various interfaces in the eye? What
are the compressive and tenwle suengh of tie I Issue and rhe bonds at the interfaces?

5. SUMMARY

. -K-WAVE EFFE- CANBECALCUIATLD

. MATNEMAB ~ COMFLICATEI)

. Wuxmcu HY~NAmE co-s Am ME-mm

. AN E~~L DATA- = A IKC~

. =AEuREMENT lECHN~S ExmT TO OETA!N
NEEDED DAIAMSE 4

Figure 15. Summary of shock wave ●ffects taa WS.

In S-ummary.srm.11amplitude pressusepulses, such as sound waves, produce linear disturbance m rnalcrials which
follow laws of superposition: however, undemumding the low amplitude behavior provides an impmanl base for
explaining Iargcr amplmidc behavior where pressure pulses evolve into sh~k fronts with rarefaction tails. The effecrs
of shock waves can bc calculamd but tie mathenuuics are implicated because of the non-hnear propagation behavior.
As a rcsuh of tins compllcauon. numerical hydrodynamic cti are requmed for these calculations and an empirical dala
base in [hcsc codes ISa nccrssity. Measurcmem Icchmques exist to obmin dtis data base. The effects of pressure pulses
associamd WIIIIlaser-[issue inwraclion can likely be advamageous (e.g., in enhancing ablation) OTdisadvnmgcous (e.g..
in causing darnagc to nearby tissue), so m i[ SCCMSimportant [o develop a thorough understanding of Ihcsc effects in
order 10op[imizc [hc usc of laws m blomed.:al applications.
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