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Griineisen-stress induced ablation of biological tissue

R. S. Dingus and R. J. Scammon
Los Alamos National Laboratory, L.os Alamos, NM 87545

ABSTRACT

The objective of biomedical applicatlons of lasers Is frequently to remove tissue In a controiied manner. However, for
ablation induced by thermal- or photo-decomposition, damage io surrounding tissue may be excessive In some
instances. Tissue can aiso be ablated by a hydrodynamic process rcferred to as front surface spallation, in which a
thin layer next to a free surface Is heated to levels, below vaporization but, so rapidly that it cannot undergo thermal
expansion during laser heating. This generates a stress puise, which propagates away from the heated region, with
an initial amplitude that can be calculated using the Griinelsen coefficlent. As the pulse reflects from the free
surface, a ten:!le tail can develop of sufficient amplitude, exceeding the material strength, that 2 layer will be spalled
off, taking much of the laser-deposited energy with it. Because ussue Is generally a low strength materlal, this
process has the potential of producing controlied ablation with reduced damage to the remalning tissue. However, to
achieve these conditions, the laser pulse length, absorption depth and Muence must be properly taliored. This paper
presents hydrodynamic calculations and analytical modeling relating to both stress- and thermal-induced ablation as
a functicn of laser and tissue properties to illustrate the potentlal benefits of stress induced ablation. Also, guidance
is given for tailoring the exposure parameters to enhance front surface spalfation.

1. INTRODUCTION

A mechanism for ablation of tissue is discussed that involves front surface spallation induced by Grincisen-stress
associated with short-pulsc laser heating. For the suke of discussion, laser induced front surface spallation is referred to as
photospall ablation. The photospall ablation process is described in graphical terms and is comnpared with other ablation
processes. Equavions are presented for predicting the effect and the region of parameter space for which it should ocent
along with specific predictions. Potential advantages of phciospall are enumerated along with possible complications and
limitations

‘The term photoablation is used to refer to the surgical removal of tissue by lasers by any physical means, In order to pnt
photospall in perspective, it is helpful to briefly discuss other photoablation processes; namely, photothermal and
photochcmicat decomposition.

Photothermal decomposition refers o ablation by vaporization resulting from heating the tissue to ligh temperatures, At
modesaie Lser mtensities, where the front surface is cooled by vaporization, inner nuisrial car be superheated, leading to
explosive vaporization at some depth, which alo ejects non-vaporized auter material.  Vaporization reguires the large
mvestient by Laser deposition of the latent heat ol vaporization, which lexls to relatively high neaces. Also, it leaves 2
large resiueal hieat in the tissne becanse the snrface is left at the boiling temperamre At high intensities, u stress pulse ol
sgnfics m amplitnde will be driven into the matenial by the rapid vapor departare. At even higher intensities, the vapor will
be Tnrther heated by the laser to canse ionization, ‘he ionized regian will generally becoine highly absorpti ¢ becanse of the
large imverse bremsstrallung cross section producing a high temperatnre plasia with strong thennal radismion Irom tns
region, “There are many potential damage mechanizins to sarromuding tissue at these high intensitics

Photochenmeal decomposition is cansed by absorption ol photons by molecules tesulting in the hreakage ol ¢hemical
bonds. Short wavelength lasers are regnited and precise, aniform ablimion surlaces Save been observed. Similarly, as lor
thenmal decomposition, this process requires relatively high Huences becanse ol the reguited imvestment ol the heat ol
chenncal Tornaion, which is of similar imagnitude to the Intent heat af vaporization; althongh snbsequent chnin reactions
can ocear than resnln a lange gquanitmm yickd (mamber of moleenles fragmented per incident photon). Large flnence at low
Nux mensny) wonld not necessaily be a problem; anforiunately, mnch of the potennial advantage of photochemical
decomposien seems 1o e compromised by the Iact thid experience indicates that relatively high intensities are required 1o
nracncal appheaens, reportedly heennse of competition with non-decompaositlon relaxation procesies. At the hgh
mtensities presemly m vn;:nc' to invoke phietochemical nblation, phototheyim! decomposition nlso cemes into netion nlong
wal the assocded damage mechanisims 10 surromding tissne discussed above, 1 apoems thnt, Tor the ndvantages ol the
phorschenneal decompaosnion process 1o e Inlly realized, technigues Tor 1ts appleation at low intensity imnst e Tomud.

Front smtace spallation (or photospall) is nnother potential mechanism by which o nelneve photoablation. With 1his
feocess, layers af tissne e eyeted without vaponzation. ud therelore (o given Laser ahsonption deptin at lower Hnences



than for photo-therma! or -chemical ablation. The residual tissue temperature is low with this process so that it should
provide reduced damage 1o surrounding tissuc. Optimally, the laser pulse length needs to be less than or about equal to the
time for an acoustic signal 1o traverse one laser absorption depth.

2. PHOTOSPALL PROCESS
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Figure 1. Nlusiration of front surface spallation process.

Figure | illustrates the basic process relating to front surface spallation. Imagine that the tissuc of interest is a spring with
a certain compressibility: fig. | shows four configurations of this spring. Supposc that the front surface of the tissue (spring)
is heated to some depth during a short time as iliustrated by the hatched portion of the spring at the top in the figure. 1 the
material had been heated sloly, thermal expansion would have caused it to expand ro the vertical dotted line to the lelt in
Fig. 1. as shown in the next spring down. However, because it was heated so rapidly, il acquires a significant velocity
during the expansion, which must b followed by deceleration to bring it back to rest. If the tissue has insufficient strength,
the force associated with the decele, wtion will cause a fracture and a layer will keep going as shown by the next case. This
fracture is referred to as spallation, or spall for short. Depending on the ¢itcumstances, the velocity of the residual tissue can
cise ong or more additional layers to spall as shown for the bottom spring.

Fromt surface spallation for tissue can a0 be described in more quantitative, but equivalent terms, Heating a (from
surface) layer of tissue before it can therrnlly expand causes a (positive) compressive stress pulse in that region whose
amplitude can be calculamed using the Griincisen coefficient. This stress pulse will cause dynamic expansion, botlt toward
the front surface and in the opposite direction, ‘The atress pulse will be reflected at the front surface by the shock impedimee
atismateh producing a reflected (negative) tensile pulse, if the impedance of the material in front is less than that of the
tassue. To have spall, it is generally necessary that the material in frant of the tissuc be a gas or vacuum and not a lignid or
solid; otherwise, the shock impedane s of the material in front will prevent a tensile wave of sufficient amyj litnde feom
developing. This would seem to imply that photospall could not be used for Taser angioplasty because of the blood or saline
solntion in coatact with the plague to be removed, hawever, this shock impedance problem might be climinmed by
preceding the photospall laser pnlse with a laser prepulse that would be absorhed in the liguid in front of the plaque ta create
a (Jow shock impedance) transient ympor bnbhle (Steve Jneques has demonstrated that such n vapor bubble can he ereated

sy, i Ho  YAG Laser polse trmsmitted thraugh an aptical fiber into water2), The tensile pulsc truils the compressive pulse

nio the tssne, thus cansing the charneteristic bipolnr stress pulse seen in stress measnrements at tow fluences Foom some
depth, the tensile stress exceeds the tensile spall streigeth of the tissne, then the tissue will spall ot that depth, ensating a dew
Domdiny snrlace at which the stress beconmes ze1o. The rest of the compressive palse that is propaga ng toward the han
snrtace wall then be rellected Trom this new bonndary 11 the rellected tensile stress onilds np to the spall stress agan, 1hen
spall wali ocenr agam.  Bventaily, the critenion will no longer be met for another spall layer to develop nd a residual
tensile tail will be leltim *he tissne with an amplitde that is less than the spall strength al the tissne.

2, PHOTOSFALL RELATHONS

To understand the hasic refations goveraing the photospal) process, n purely thenmoelasnie response ol the tssne s
assnmed slong with an exponential laser deposition profile. For the Inrge ahsorptlon cocllicrent, g, and small depili, x, ol
imerest i the dssae, it shonld be s reasonable approximmion to acplect scattering of the laser bema nmd 10 assame
thecamelastic tesponse. For the snke ol discussion, except when speaiflenlly noted otherwise, 1t is nssumed tha ahe
deposited luser energy 18 mstantly convenes! into hent; there imve been speculations that this may not always be o god

HOSHTRITT P Phe time seate is assnmed to be shon enangh thatihenonal vondncnon can e Ignored, however, itas assnaed
than the heat iy distdaned locally mnlormly where at is deposited (which mny or mmy not he n gosd assmmpraon Lo



hetcrogencous tissue with laser absorption in one constituent). The laser beam is assumed to exposc a large diameter of
tissuc compared to the absorption depth: even with this assumption, there is likely an important issuc with regard to tearing
around the periphery of the spall laye-, which is discussed in Scction §.

For an incident fluence F; into the tissue (after correction for reflection 1t the tissue surface), the fluence, F, at a depth x
in the tissuc is given by

F=F, exp(-px) . m
The energy density (energy per unit mass), E. deposited by the laser in the tissue at depth x is
E = -(1/p) dF/dx = (/p) Fy exp(-pux) . 2)

A rectangultar step function laser temporal profile is assumed with a pulsclength, t , because it is most iflustrative. Only

the pulselength is fundamentally important to the process; for temporal profiles involving a more complex pulse shape such
as a finite rise time and decay time, the analysis is still generally applicable with minor modification.

The nerial properties important to the photospall process are: the absorption coefficient, W the sound speed, c; the
Griincisen cocfficient, I and the spall streng, ™1, 6. It is convenient to define a characteristic time | t,,, where

lo=1/pc (3)

which is the time for an acoustic signal to propagate a distance of one laser absorption depth (1/1). Also, let 7 be the ratio
of the laser pulsclength to this characteristic time, so

Y=y l=pey, . C))

It is instructive to discuss how the stress waveform develops in the tissue, For simplicity, the sound speed is assumed to
be constant (actually nt higher compressive suess, the speed is generally slightly higher, but this change is probably
negligible ler the fow stresses and short distances ol interest in the present discussiond, If the laser energy was deposited
mstantimcously m the tissue, the stress, o, in the tissne just after deposition woakl be compressive with an amplitnde at a
distmce x into the tissue o

o =1 p B, expe-pn) . (5

Acually, becamse the front surlaee is a free sarlace (it is assmued that air, which has a shock impedance of essemtially zero,
15 owside the front surlace), the stress mast be zero Tor all tine at x = 0; this bowndary candit.on is insnred by the ensning

rellection at this surlace. The stress pulse innediately beging to propagate hoth toware die surlace and away lrom the
swrface with a velocity ¢ This mfurcation in ditection, leads 1o a tactor of two reduction. w amplitude.  Far illnstenive
pposes, one e thimk of the stress given in by, 8 as consisting ol two pulses, cach with hall the mphide of 1. S; oue

moving inward, the other ontward, At any piven time, the stress is the saperposition ol these two pulses. The inrward
moving pulse simply translates with velocity ¢ Each dement ol the outwnrd moving, pulse reverses sign and direction as it
rellects hona the Tvont sarlace. This resnlts in n bipalar stress pnlse, which, atany given time t, makes an abmpt transition at
the focaion etin the tissne Tton the Tngest tensile vihie to the largest compressive valne, Lot times of the order ol or less

hian the characterisie time, t,. the peak tensile siress is infding asymptotically Irom zero 10 its nuxinnnn negaiive vale of

FpE /2, winle the peak vompressive stress s decieasimg asymptotienlly fror # Pplig to + Uad 220 During times o
which € st the stess mmplitnde decreases hom the peak stress vahie, Ope Lo 7010 exponentially ns expi-pix’ in hoth

directions, where Il is the distmee from the locattion et Becanse ol the assnmed hmear elastic Debavior, similar staten »wnts
conld he e regardimg; the stiess as a haction ol ame at geven po:itions m the ussie, s interesting to note that nowhiere

ans paper ae the processes mder disenssion dependent on n shoek Trong? developing in the tissne.

Il ihe Taser has o honte pudselengay, ¢, then stiess pnopangation ocems during the pulse causmg mnnber ol ditlerences

from mstantancons enegy deposinon. For nrectangnlae step lmenon laser temporad prolile (as is hemg assmued), the
1ensile stress does not begon to develop antl the Taser pnlse ends. Diamyp times Tor which toss tyoand € g, the tensile



and compressive stress peaks become separated by a distance cup, and the peak stress value, op,. is reduced by a factor A,
which accounts for the stress relief that occurs during the laser pulse, where

A=(l-exp(-t)) /1 . ©

This attcnuation factor approaches | as T[, goes to zcro and approaches | /g for large values of 7. The factor A is plotied
versus 7 in Fig. 2. As illustrated in Fig. 2, the peak stress is reduced substantially when T is greater than onc.
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Figure 2. Stress attenuation versus ratio of laser pulselength to characteristic time,

Thus, the peak tensile stress , Op developed in the tissuc occurs (assuming no spall) at limes late compared to the lascr
pulse duration, tp , and late compared to the characeristic tinie, t,, and has an amplitude of

op = (AT pE, fort >> 1, andt>> 1, . €))
Itis interesting to note that, when 1y >>1, then o is inversely proportional to tg, and independent of y; that is,
O~ UE I (e) fort >> o 13>, and 7 >>1 . (8)

To hetter understind the origm ol the stress, itis aelpfal to examine the terms in Eq. 7. The Grineisen coeflicient can he
written as

1= B/ Cywp) )

where [} és the themun expansion coeflicient, pis the density, ¢y is the specilic heat at constant: volume and vy as the

isotheral compressitbeday of ihe nssae. Puning ibis expeession imo L. 7 gives
i (A Qfep) Baum ¢y . (1

The product (p/pk, gaves the peak laser dose in energy per unit mass, which ocenrs at the front sueface of the tissne:

tividig this by €, gives the temperatnre nse; multplying this by [} gives the thennal expansion; nmltiplymg, this by 1/wy

paves the stress caused by thns thennal expansion; nltiplying this by 172 nccomts Tor the stress propagatng hoHnwind
and ontward as deienssed above, and maltiplying this by A corrects for stress propaganon dunng the laser pulse.

Eguanon 7 assmnes a Mie Grimeisen eqnanon ol state, which is applicable for the sohd mul hgmd phases. At ngh
HNuences where vaponzanon occars, as the vapor expands, the equation of state more nearly approxnmates that ol an adeal
pas. Atsuclomgh Huences, Vg 7 is no longer vahd becanse the phase change to a gas canses a much dfferem manenal
expamsion rocess. The pressare applicd to 1the sohd/Mguid surface by the expumidimg gas tends o snppiress the tensile stess
pulse discussed above  The enterion Tor vapanzation is that the Tront surlace dose (given by (WpIF ) exceeds mepien

vaponzaton enthalpy, Alf,, 1o, the erthalpy reqmired to rmse the tissne temperatare rom ats anaent valne to ihe



apornization temperature. Thus, EqQ. 7 begins to become invalid when the fluence is above the value limited by
(Wp)Fo < AH; . an

To convert the tissuc completely to a vapor requires an additional enthalpy, AH,,, which is the latent heat of vaporization, in
addition to Aii;: so the complete vaporization enthalpy, AH,., is

AH_ =AH;+AH, . (12)

The quantity AH,, is gencrally large compared to AH;. Only a fraction of the material with a dose between AH; and AH. will

be vaporized; hewever, even though not vaporized, material with a dose in this range can be driven off by the fraction thai is
vaporized; whether this non-vaporized matcrial is actually driven off depends on the dynamics.

In reality it takes a finite time for materials to fracture when subjected to a tensile stress and fracture models have been

developed to account for this complication4, which may or may not be conscquential for photospall of tissue. Neglecting
this complication for now, if the spall strength of the tissuc is less than the peak tensile stress, then the tissue will spall at the
location and time in the tissue where and when the peak stress reaches the spall sirength. Thus, spall occurs if

Op> 05 (13)

After the spallaion occurs, depending on the circumstances, the tensile stress may build again to the spall strength
amphtude, spalling off another layer. The total nuinber of spall layers is approximately one to two times the ratio op / O

and the total spall depth is approximately one to a few times the laser absorption depth (1/1). These relations for the nnmbcer
of spall layces and the spall depth are not cxact principally because part of the tensile stress pulse generally vill have
propagated beyond the spall location by the time of cach spall and because of the discrete nature of the spallation process in
assocation with an exponentially increasing stress with distance into the tissue,

3. ANALYTIC STRESSWAVE CALCULATIONS

Figurcs 3 and 4 present the results of calculations of the purely therimoelastic response of tissue, assuming that the spall
strength is large enough that spall docs not occur, based upon equations given in the Appendix derived from a paper by

Bushnell S far a rectangular step function laser temporal profile. In Fig. 3, the material propertics used are those estimated
for tissue exposed to a typical ArF lascr pulse as has been used for corneal ablation. Figure 4 is for the same conditiony
except that the laser pulsclength is | ns instead of 16 ns.

In the top par of Figs. 3 and 4, the stress in the tissue is plotted as a function ol time at different positions in the tissue.
The bottom part of Figs. 3 and 4 gives the stress as a function of position in the tissue at different times. In these figures, it
may be noted that the separation between the positive and negative peaks is equal to the pulse length, that no negative stress
develops during the laser pulse and thiit the peak stress amplitude is much larger for the t ns pulse than for the 16 us pulse as
mdicated by g, 7.

4. HYDRODYNAMIC CODE CALCULATIONS

Fignres 5§ and 6 present the results of hydrodynamic calculations, using the Chart 1 code® with the laser and material
properies shown in those figures, to illnstrate how the stress behavior chimges when front surface spall oconrs,  1he
cquation of state used was approxanately that for alunzinnm, but it was artificially changed for illustrative purposes. In Fig

5. a large spail strength was used so that spall wonld not oceur; the stress 1s plotted in (Iyncs/(:n|2 (100 dyncs/cm?- = | bar) as
i lunenon of position in the material at times of 1.59 ns, 190 ns, 10 ns and 20 ns. I these plots the front surface was at x -
02 omand x decrerses as the distance into the material increases. In Fig. 6, where a spall strength of 3 kbar was used, the
stress is plotted atessentinlly these same times plus @ two additional times. ‘The dashed vertical lines in Fig. 6 indicate the
Excation at which spall planes develop. Spall first occurs at a time af 1.54 ns when the tensile stress reaches 3 kbar. The plot
4t 1,90 ns shows that the ensile stress has again built up to nearly 3 kbar. “The plotat 1,92 ns shows that a second spall plane
has devetoped A 10 s, six spall plimes have developed and unother is about to ocenr. At 10.9 ng, the seventh and last
sprdl plane has ocenrred. After spall, the residual stress pulse in cach spall tayer reflects repeatedly weithin that layer. e
mornemim of cach spall Layer s about the same, but the thickness increases exponentially with snceessive Layers so that the
velocity decreases exponentially with successive layers. This sigrature might be someihing to look Tor experimentally  The
position, x,in Figs. 5 & 6 is a Lagrangian coordinate (which is fixed 10 the mass elernents rather than representing leeaon
1 space) so e the gaps between spall layers do not appear in the plots.
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S. ESTIMATED PROPERTIES AND ANALYSES

Whether photospail can be invoked for medical applications will depend largely on tissuc and lascr properties. A cursory
examination of the approximate properties will now be done in order to estimate the threshold for photospall as weil as the
threshold lor vaporization, which is to be avoided as indicated earlier. The values presented here are intended for estimating
whether the process will occur in a practical sense. Because a large fraction of tissue is water, guesses of tissuc propertics
will sometimes be based on estimates for water.

The incipient vaporization enthalpy for water is in the vicinity of 400 J/g (depending on the ambicnt temperature) and the
complete vaporization enthalpy is about 2700 J/g. As indicated by the discussion above and Eq. 11, the objective is o
achicve photospal! with irradiations for which the front surface dosc is considerably less than this value of 400 J,g, in order
to minimize thermal, as weli as stress, damage to surrounding tissue.

The speed of sound in water is about 1.5 um/ns an 1 should be well known for tissue because of ultrasounc work. The
Griineisen coefficient for water is about 0.3; soft tiss .¢ might have a similar value. However, it should be noted that the
eflective Griineisen coefficient is reduced substantial y by even a slight degree of porosity: it would seem important to keep
the tissue saturated with water during photospall operations to avoid porosity. Determination of the Griineisen coefficient
can be made by measuring the density, specific heat, thermal erpansion coefficient and compressibility and calculating the
coefficient from Eq. 9. A more accurate determination of I” can probably be achieved from stress measurcments for
dynamic experiments such as laser exposure and comparison of results with Eq. 7. The Griineisen coefficient is not strictly a
constunt (causing Eq. 7 to be only an approximatc relation); so that experirnental determinations of the parameter should be
desigred 10 measure its variation over the range of interest. Neglecting reflection of the incident fluence at the tissue surface

(which may introduce some crror), comparison of calculations using Eq. 7 with siress amplitude measurements by Dycr' far
cornca irradated with a KrF laser (with a pulsclength that was apparently about 10 to 20 ns) indicate a value for the

Ciriineisen cocflicient of about 0.15 for fluences below the ablation threshold, which was observed to be at 0.15 J/cmz.

Depending on the laser wavelength, the laser absorption coefficient, y, of the tissue can vary from small values up to
about 12,000 el To promcte photospall, the pulselength, tj, needs to be sufficiently short; specifically, the product
f ¢ 1y needs to be less than or about one in order to keep the quantity A near one. There seem 1o be advantages to sclecting

a large absorption cocfficient (and thus a short pulselength) for photospall such as mirimizing the fluence per pulse and
minimizing the impulse (momentum) per pulse. Afso, for short pulselength, the residual compressive stress puise will
rapidly attennate due to dispersion as it propagates through the tissne, which should reduce stress damage to “fic remaining
tissue. However, there might be circumstances where lower absorption coefficients and longer laser pulsclengths would he
preferred. For example, at high flux and/or high repetition rate, laser pulse blockage by tissuc fragments f--  previous
pulses or acrosol breakdown might occur: this might impose limitations on the flux or repetition rte or dictain  xecial gas
handling procedares over the tissue in the exposure region.

The spall strength is probably the paramieter with ine largest uncertainty and conld be the determining factor as to whether
photospall can he utilized in medical apphications. The spall strength for water, resulting from surface tension and viscosity,

is rcpml(-d7 to be abont 2 to 20 bar, with expected dependence on strain rate. In general, the spall strength of a matenial is
strain rate and temperature dependent; this potential complication, which may or may not have practical consequences for
medical applicatons, should be taken into consideration when interpreting experimental data. The spall strength of wate:
would seeim to set a lower hinnt for the spall strength ol tissue. Perhaps for soft tissue the bonds between cells or fibets is
not Large so hat it is conceivable thin in certain regions and in certain directions, the spall strength of tissue is not much
Targer 1han that of water.  Also, it seems plansible that photadecomposition might reduce the spall strength so that a
comhination of photospall and photodecompaosition might be effective; in other words, it :night be effective to use shon
wavelengih Lasers lor photospall.

In the KrF laser irradiations of cornea by I)ycr' discussed above, the absorption coefficient is reported to be 330 em!
with the ablation threshold at .15 Jem?2 where the stress amplitude is 22 bar. Putting this absorption coelficient and
Haence mto Ey. 2 gives a front smface encrgy density at the ablation threshold of only 50 J/g, which corresponds to a
remperatnre nse of about 12 °C, well below the ithreshold for photothermal ablation. It appears likely that photospall s the
mechamsin for pbotoablation i these experiments and thin, basced upoa this data, the spall strength of the cornea is about 20

hatr. 11 has been reparnted ! B that ablation with 248 mn radianon prodaced incisions with ragged edges and more severe
damage m adgacent stroma than with 193 nm; this would seem o be (at least partially) o natwal consequence of the large
absorption depth for Kol compared to ArE. Far very thin spall layers, perhaps cach one would break away clemly around
the penphery. However, wath a large absorntion depth in soft tissue, a spall layer with a thickness ol a few tens of nucrons



would be expected, which might be so thick that it would not break free cleanly around the periphery. With multiple pulses
in rapid succession, perhaps the first lascr pulse would produce a spall planc and the next pulse would produce mid-plane
spall in the previously spalled layer (because of stresswave reflection at the spali plane). etc. until the layer was finally
eroded away; this would surely be an undesirable apprcach, likely leaving a jagged edge and possibly spall planes at greater
depth. Further experiments and inalysis should be able to establish whether this speculative explanation is correct: for
example, it might be uscful to look for a spall planc after a single laser irradiation pulse.

Stress amplitudes have been measured by Dycl’l for cornea exposcd 10 16 ns ArF pulscs. Based upon the ArF low
intensity absorption coefficient of 2.7x103 ¢cm*!, the characteristic time. ty. is about 2.5 ns. Because of the long ArF

pulsclength relative to the characteristic time, the peak stress can be calculated from Eq. 8. instead of Eq. 7. The measured
stress has about the same value as the peak stress calculated using a Griineisen coefficient of 0.3 with Eq. 8 for fluences

above about 0.2 Jcm? (although this is in the vaporization regime where Egs. 7 and 8 began to become questionable as
discussed above). At lower fluences, the measured value falls off rapidly, with there being no measurable stress below 0.05

J/em2. Above 0.05 J/cm2, the stress pulsc is unipolar (compressive) and ablation starts at this fluence. Eq. 2 gives a front
surface dosc at this fluence (neglecting reflection at the tissue surface) of about 130 J/g (corresponding to a 30 °C
temperature risc, assuming rapid conversion to heat), which is well below the vaporization threshold. Based upon an

assumed cnthalpy of 400 J/g, incipient vaporization would be about 0.13 J/cm2; above this fluence photothermal

decomposition would play a major roll in the photoablation process. At fluences above 0.07 J/cm2, the measured peak stress
is above 20 bar, where (based upon the KrF data discussed above) photospall would be expected. Perhaps photochemical
decomposition is playing a roll to weaken the tissue to reduce the spall strength to lower than 20 bar and causc abtation to

begin at the reported 0.05 J/em? value.

The curious behavior for ArF is the nonlinear decrease of the stress to zero between 0.2 and 0.05 J/cm2. There has been

speculation !, that this might be caused by the photochemical absorption of the laser photons Icading to long lived (compared
to the laser pulselength) excited states, thus delaying the conversizn of deposited energy to hea:, which would inhibit
photospall in the same manner as a long pulsclength laser does. This could be accounted for by patting this excited-state
lifetime into Eq. 8, instead of the pulsclength, t : however, to maich the data, this {ifctime would have to decrease from a

large to a small value as the fluence increases from 0.05 to 0.2 J/emZ2, which would imply that the threshold for some
mechanism for deexcitation is being reached in this fluence range. Knowing how this nonlinear behavior depends on laser
flux and material temperature would also be valuable. It is also piausible that a small degree of porosity could causc a small
effective Griineisen cocfficient until enough thermal expansion has accurred to fill the pores; however, this seems to he
discountable because the measurements for exposures of cornea to Krf lasers did not show this nonlinear stress behavior at
low fluences. Further experiments, and supporting analyses, such as time resolved stress, temperature and fluorescence
measurements as a function of lascr pulse fength and fluence shonld provide a definitive resolution of this issue. The issuc
seems irmportant to resolve because it affects all mechanisms for ablation as well as secondary damage to surrounding tissne.

Although it appears that photospall occurs for KrF irradiation of cornea. the large absorption depth scems o be a
disadvantage. The absorption depth is much smaller for ArF. If the ArF pulselength conld be reduced from the presem
valuc of about 16 ns to about | ns, then, at least above 0.05 J/cm2, photospall could be enhanced as an ablation mechanism
for this wavelength laser. By selecting a laser with a short pulsclength and with a wavelength where the absorption
cocfficient bt whete the generation of heat is not delayed by the decay times of states excited by photochemical absorprion,
then ablation might be accomplished with photospall at lower fluences and lower temperatures than presently needed with
ArF lasers. For example, comeal ablation might be achicved by photospall with a pulsclength of ahout a nanosccond at a
woavelength near 3 um where the absorption coefficient ot water is large; by tailoring the wavelength and pulselength m
relation to the water absorption peak near Aum, perhaps the optinium ablation conditions could be fonnd.

In further considerations ol photospall for medical applications, it would seem appropriite to first perform experiments
with judicious diagnostics under conditions dictated by equations in Section 2, using estimated or best available material
prapesties to confirm the vatidity of the photospall relations. Initial experiments might pest utilize simple materials such as
water or polymers 1o demonstrate the physical principals. Diagnostics might include: pressure. impulse, ablation depth and
gh speed photographic measurements. I these results show prospect, it might then be appropriate to continne these sanw
type of experiments on biological tissue with carcful, systematic variation of appropriate parameters in order to dedncee the
tissue propertics needed in the equations.  Having verified the physical relationships and obtained necessary maternial
propertics, calenlations could then be perfonped to provide accurate guidance ol laser parameiers to be used in clhmical
applicanons.



6. SUMMARY

In summary, to take advantage of the potential benefits of the photospall process, the pulselength needs to be about cqual
to or shorter than the time for an acoustic signal to traverse one laser absorption depth. The applicability of photospall to
racdical practice basically depends on whether the ratio of the Griineisen coefficient to the spall strength is cufficiently large;
there may also be an issue with how the spall layer breaks away around the periphery of the exposed area of tissue. |t
appears that this raiio likely is large enough so that, for short pulsc lengths, spallation would occur at fluences well below
thermal vaporization, in which case photospall s.ould be an effective mechanism for photoablation of tissue for medical

applications and thermal damage of the remaining tissue should be reduced with this process. For exampie, if I' > 0.15 and
O < 5C bar, by using short pulselengths to invoke photospall, it should be possible to substantially reduce the residuz!
temperature rise in the tiSsue compared to that associated with present comeal ablation techniques for which 10 to 20 ns

pulselength ArF lasers at fluences above 100 ml/cm? are necded. Also, by operating at just above the thresheld for
photospall, the compressive pulse imparted to the tissue can be limited to just above the absolute value of the tensile spall
strength and this can be caused to attenuate rapidly as it propagates into the tissue by utilizing a short laser puiselength. This
should further reduce the damage to the remaining tissue. Finally, when operating at a wavelength for which the absorption

cocfficient is about 10,000 cm-! or larger, which occurs at about 3 pm for water, the laser pulse nceds to be of sub-
nanosecond duration. This might be an ideal application for a RF linac free electron laser, which could operate at this
wavelength and has such a short pulsc with a very high repetition rate,

7. APPENDIX--THERMOELASTIC STRESS FOR RECTANGULAR LASER PULSE

let t=pct, 1 =pey. E=px, and A= (1-exp(-t1)) /1, . Then, assuming that the laser flux is constant for a

duration of 1) and with a total fluence of F,. cvaluating the integrals presented in the paper by Bushnelt? gives:

o = (1/21)) TWF, [exp-(t - &) - exp-(1 +5)] fort<qg . E<t
o = (1/27)) TuF, [exp-(§- T) - exp-(§ + 1)) fortsqg ., 21
o= - (A2) TuF, [exp-(t- §- 1) - exp-(v+§ - 1)) fort2q, ., E<t, §5t1-1
o= - (A2) I'nFy [Bexp-(v - §-1) -exp-(t+ § - 1)) fort2q , Est, E21-1,

where Bz (exp2(t - § - 1)- exp(-=11)) / (1- exp(-11))
o = (AR2) TuF, [exp-(§- D +exp(§ + T- 1! fortxq. . E21
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