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Griineisen-stress induced ablation of biological tissue

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

ABSTRACT

The objective of biomedical applications of lasers s frequently to remove tissue in a controlled manner. However, for
ablation induced by thermal- or photo-decomposition, damage {o surrounding tissue may be excessive in some
instances. Tissue can also 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 pulse, which propagates away from the heated region, with
an initial amplitude that can be calculated using the Griineisen coefficient., As the pulse reflects from the free
surface, a tens!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 tssue is generally a low strength material, this
process has the potential of producing controlled ablation with reduced damage to the remaining tissue. However, to
achieve these conditions, the laser pulse length, absorption depth and Muence must be properly tailored. 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 potential benefits of stress induced ablation. Also, guidance
is given for tailoring the exposure parameters to enhance front surface spallation.

1. INTRODUCTION

A mcchanism for ablation of tissuce is discussed that involves front surface spallation induced by Griincisen-stress
associated with short-pulsc laser heating. For the sake 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. Equations arc presented for predicting the effect and the region of parameter space for which it should occur
along with specific predictions. Potential advantages of phetospall are enumerated along with possible complications and
limitations

The term photeablation is used to refer to the surgical removal of tissuc by lasers by any physical means. In order to put
photospall in perspective, it is helpful to Lriefly discuss other photoablation processes; namely, photothermal and
photochemical decomposition,

Photothermal decompaosition refers 1o ablation by vaporization resulting from heating the tissue to high temperatures. At
maderaic luser mtensities, where the front surface is cooled by vaporization, inner miizrial car he superheated, leading to
explosive vaporization at some depth, which al.o ejects non-vaporized outer material.  Vaporization requires the large
mvestment by Liser deposition of the latent heat of vaporization, which leads to relatively high flueaces.  Also, it leaves a
large resioudl hieat in the tissue because the surface is left at the boiling temperatute At high intensitics, a stress pulse of
sigrufics ntamplitude will be driven into the material by the rapid vapor departiare. At even higher intensitics, the vapor will
be further hieated by the laser to canse ionizition, The ionized region will gencrally becoine highly absorpti ¢ because of the
large inverse bremsstrahlung cross section producing a high temperatare plastrat with strong thermal radiation from this
region, There are many potential damage mechanisms o surrounding tissue at these high intensitics

Fhotochemical decomposition is caused by absorption of photons by molecules resulting in the breakage of chemical
bonds. Short wavelength lasers are required and precise, uniform abladon surfaces have been observed. Similarly, as tor
thermal decompaosition, this process requires retatively high tluences because of the required investinent of the heat ol
chemucal formation, which is of similar magnitade to the Tatent heat of vaporization; although subsequent chain reactions
canoccar thae resultin i large quaitum yield (number of molecules fragmented per incident photon). Large fluence ar low
Mux Ontensity) would not necessarily be a problem; unfortunately, much of the potential advantage of photochemical
decomposition seems to be compromised by the fact that experience indicates that relatively high intensities are required tor
practucal apphcations, reportedly becanse of competition with non - decomposition relaxation procoases. At the ngh
intensities presemly vnguc' to invoke phetochemical ablaion, photothevmal decompaosition also cemes into action along
with the assocuted damage mechanising to surrounding tissue discussed above. It appears that, for *he ndvantages of the
photochemical decomposition process o be fully realized, technigues for its application at low intensity must be foand.

Frone surtace spaltation (or photospall) is another potential mechanism by which o achieve photoablation,  With this
process, layess af issue are epccted without vaponzation. ad theretore (for a given Liset absorption depthy at lower tuences



than for photo-thermal or -chemicat ablation. The residual tissue temperature is low with this process so that it should
provide reduced damage to surrounding tissue. Optimally, the laser pulse length needs to be less than or about equal to the
time for an acoustic signal 10 traverse one laser absorption depth.

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

Figure | illustrates the basic process relating to front surface spallation. Imaginc that the tissuc of interest is a spring with
a certain compressibility; fig. 1 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 illustrated by the hatched portion of the spring at the top in the figure. 1f the
material had been heated slowvly, thermal expansion would have caused it to expand to the vertical dotted line to the left in
Fig. 1, as shown in the next spring down. However, because it was heated so rapidly, it acquires a significant velocity
during the expansion, which must k- followed by deceleration to bring it back to rest. If the tissue has insufficient strength,
the force associated with the decele, ution will cause a fracture and a layer will keep going as shown by the next case. This
fracturc is referred to as spallation, or spall for short. Depending on the ciscumstances, the velocity of the residual tissue can
cause onc or more additional layers (o spall as shown for the bottom spring.

Front surface spallation for tissue can aiso be described in more quantitative, but equivalent terms, Heating a (from
surface) laycr of tissuc before it can therrally expand causcs a (positive) compressive stress pulse in that region whose
amplitude can be caiculated using the Grineisen coefficient. This stress pulse will cause dynamic expansion, both toward
the front surface and in the opposite direction. The stress pulse will be reflected at the front sutface by the shock impedance
nismatch producing a reflected (negative) tensile pulse, if the impedance of the material in front is less than that of the
ussue. To have spall, it is generally necessary that the material in front of the tissue be & gas or vacuum and not a liquid or
sHlid; otherwise, the shock impedancs of the material in front will prevent a tensile wave of sufficient amy litude from
Jdeveloping. ‘This would secm to imply that photospall could not be used for laser angioplasty because of the blood or saline
solution in co.atact with the plague to be removed, however, this shock impedance problem might be climinated by
preceding the phiotospali laser pulse with a laser prepulse that would be absorbed in the liguid in front of the plaque o create
a (low shock impedance) transient vapor bubble (Steve Jacques has demonstrated that such a vapor bubble can be created

using. i Ho- YAG laser pulse transmitted through an optical fiber into watcr2), The tensile pulsc trails the compressive pulse

1o the bissue, thus causing the charncteristic bipolar stress pulse seen in siress measurcments at low fluences Lo some
depth, the tensile siress exceeds the tensile spall strength of the tissue, then the tissue will spall at that depth, creating o hew
boundary surface at which the stress becomes zero. The rest of the compressive pulse that is propagat ng toward the from
sutface will then be retlected from this new boundary 11 the reflected tensile stress ouilds up to the spall stress agam, then
spall wili oceur agan,  Eventuaily, the critenon will no longer be met for another spall layer to develop and a residual
tenstle il will be left in *he tissue with an pmplitude that is less than the spall strength ol the tissue.

2, PHOTOSPALL RELATIONS

To understand the hasie relations governing the photospall process, o purely thermoelasie response of the tissue s
assumed slong with an exponential faser deposition profile. For the large absorption coelticient, g, and small depih, x, of
interest i the tissae, it should be ooreasonable approximation 1o acglect scattering of the baser beia and (o assume
thermoclistie response. For the sake of discussion, except when speaifically noted otherwise, it is assumed that the
deposited laser encrgy s instantly converted into heat; there have heen speculations that this may not always be a pood

Assmption P The time seale 1s assamed 1o be shont enough that thenmal conduction can be ignoted, however, s assunied
that the heat s distiibuted locally untformly where 1t is deposited (which may o may not be n pood assumption tor



heterogencous tissue with laser absorption in onc constituent). The laser beam is assumed to expose a large diameter of
tissue 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 Section 5.

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

A rectangular step function laser temporal profile is assumed with a pulsclength, 1 , because it is most illustrative. Only

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

The mawrial properties important to the photospall process arc: the absorption coefficient, W; the sound speed, c; the
Griineisen coefficient, T, and the spall streng, ™, g, Itis convenient to define a characteristic time |, 5, where

tg=1/uc , (3)

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

=L/ y= Py, 0]

It is instructive to discuss how the suress waveform develops in the tissue.  For simplicity, the sound speed is assumed to
be constant (actually at higher compressive sucess, the speed is gencrally slightly higher, but this change is probably
negligible for the low stresses and short distances of interest in the present discussion). If the laser energy was deposited
instantancously in the tissue, the stress, o, in the tissue just after deposition would be compressive with an amplitude at a
distance x into the tissue of

o= E, expi-x) . (5

Actually, because the front surface is a free surface (it is assumed that air, which has a shock impedance of essentially zero,
18 outside the front surface), the stress must be zero for all time at x = 0; this boundary condition is insured by the ensuing

reflection at this surface. The stress pulse immediately begins to propagate both toware the surface and away from the
surface with a velocity ¢ This afurcation in direction, leads to a factor of two reduction, «a amplitude.  For illustrative
purposes, otie can think of the stress given in Bg. 8 as consisting of two pulses, cach with half the ampliade of Eq. S; one

moving inward, the other outwird, At any piven time, the stress is the superposition of these two pulses. The irward
moving pulse simply translates with velocity ¢ Fach clement of the outward moving pulse reverses sign and direction as il
reflects from the front surface. This results ina bipalar stress pulse, which, at any given time t, makes an abrupt transition at
the tocation et in the tissue from the Largest tensile value 1o the targest compressive value. For times of the order of or less

thin the charicteristic time, Gy, the peak tensile stress is building asymptotically from zero 10 its maxitmum negasive value of

Ppky/20 while the peak compressive stress 1s decreasing asymptotically from + UpFy to « UpEG20 During times for
which £t the stress amplitude decreases trom the peik stress value, Oy 10 710 exponcatintly as exp-pin’l) in hoh

directions, whepe Inlis the distance from the tocation ¢t Because of the assumed hinear elastic behavior, similar stten ents
could be made regarding the stress as a function of nme at given po: itions i the tssue, 1 is interesting to note that nowhere

i tus paper are the processes under diseussion dependent on o shock front ) developing in the tissue.

It the liser has o fimate pulselength, L then stress propagatton ocenes duting the pulse causmg o number of ditferences

from imstantancous enetpy depositon. For a rectangulas step function laser temporal profile (as is being assumed), the
teanite stress does not begain to develop unul the aser pulse ends. Dunmg, times for which t s g and toss g, the tenstie



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-expl-t)) /1L - )]

This attenuation factor approaches 1 as [, goes to zero and approaches 1 /g for large values of 7y . The factor A is plotted
versus 7p_in Fig. 2. Asillustrated in Fig. 2, the peak stress is reduced substantially when 1y 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 tissue occurs (assuming no spall) at times late compared to the laser
pulse duration, tp , and late compared to the characteristic time, t,,, and has an amplitude of

Op= (AT RFy fort >>1 andt>>y, . )
It is interesting to note that, when tp >>1, then oy, is inversely proportional to ty, and indepeudent of y; that is,
O~ () Uy /(cy) fort >>1p , (>>1, and 7 >>1 . (8)

To beter understand the origin of the stress, itis nelpful to examine the terms in Eq. 7. The Grineisen coefficient can be
wrilten as

U= B/ Cy wp) )

where [} s the thermman expansion coeflicient, p is the density, Cy, is the specilic heat at constant volume and wp s the

isothermat compressitnlity of the tssue. Putting this expression into By, 7 gives
Op (AR AP B, /¢y (m

The product (pAE, gives the peak laser dose in energy per unit mass, which oceurs at the front suefice of the tissue,
dividing ths by O, gives the temperature rise; muluplying this by [§ gives the thermal expansion; multiplying this by 1/wy

gives the stress caused by this thermal expansion; multiplying this by 172 accounts for the stress propagating both inward
and outward as duscussed above;, and multiplying this by A corrects for stress propagation duning the Liser pulse.

tquanon 7 assumes a Mie Grineisen cequation of state, which is applicable for the solud and liquid phases. At high
fuences whete vapotization occurs, as the vapor expinds, the equation of state more nearly approximates that of an wleal
gas. At such ligh fluences, Eqg. 7 is no longer valid because the phase change o a gas canses a much different material
expansion process. The pressure applied to the sobdMgquid surface by the expanding gas tends (o suppress the tensile stress
pulse discussed above  The caterion tor vaponzanon is that the front surface dose (given by (UMIE,) exceeds ineipient

vaporizanon enthalpy, AH e, the erthalpy required to rinse the tissue temperature fromoats ambient value to the



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

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

AH, = AHj+AH, . (12)

The quantity AH,, is generally large compared to AH;. Only a fraction of the matcrial 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 material is actually driven off depends on the dynamics.

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

developed to account for this complication“, which may or may not be conscquential for photospall of tissuc. Neglecting
this complication for now, if the spall strength of the tissue 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 strength. Thus, spall occurs if

op> 05 (13)

After the spallation occurs, depending on the circumstances, the tensile stress may build again to the spall strength
amplitude, spalling off another layer. The total number of spall layers is approximately onc 10 two times the ratio Sp /o

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

3. ANALYTIC STRESSWAVE CALCULATIONS

Figures 3 and 4 present the results of calculations of the purely thermoelastic response of tissuc, assuming that the spall
strength is large enough that spall docs not occur, based upon cquations given in the Appendix derived from a paper by

Bushnell for a rectangular step function laser temporal profile. In Fig. 3, the material properiics used are those estimated
for tissuc exposed 10 a typical ArF laser pulse as has been used for corneal ablation. Figure 4 is for the same conditions
cxcept that the laser pulsclength is 1 ns instead of 16 ns.

In the top par of Figs. 3 and 4, the stress in the tissuc is plotted as a function of time at different positions in the tissue.
The botom part of Figs. 3 and 4 gives the stress as a function of position in the tissuc at different times. In these figures, il
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 Taser pulse and thiit the peak stress amplitude is much larger for the 1 ns pulse than for the 16 ns pulse as
mdicated by Fqj. 7.

4. HYDRODYNAMIC CODE CALCULATIONS

Figures § and 6 present the results of hydrodynamic calculations, using the Chart 1 code® with the laser and material
properties shown in those figures, to illustrate how the stress behavior changes when front surface spall ocours, The
cquation of state used was approximately that for alunzinum, but it was artificially changed for illustrative purposes. In Fig

5. a large spail strength was used so that spall would not oceur; the stress s plotted in dyncs/cm2 Qoo dyncs/cm"’- = | bar) as
a function of position in the material at times of 1.59 ns, 190 ns, 10 ns and 20 ns. In these plots the front surface was at x -
02 emand x decreases as the distanee into the material increases. In Fig. 6, where a spall strength of 3 kbar was used, the
stress s plotied an essentially these samie times plus ¢ two additional times. The dashed vertical lines in Fig. 6 indicate the
Lacation at which spall planes develop. Spall first occurs at a time of 1.54 ns when the tensile stress reaches 3 kbar. The plot
a4t 1,90 nx shows that the tensile stress has again built up to ncarly 3 kbar. The plot at 1.92 ns shows that a second spall plane
has developed A 10 ns, six spall planes have developed and another is about to occur. At 10.9 ng, the seventh and last
spadl plane has occurred. After spall, the residual stress pulse in cach spall layer reflects repeatedty within that layer, The
momentum of cach spall layer s about the same, but the thickness increases exponentially with successive Layers so that the
velocity decreases exponentially with successive layers. This sigrature might be something to look for experimentally  The
posttion, x, in Figs. 5 & 6 is a Lagrangian coordinate (which is fixed 10 the mass elements rather than representing kecation
e space) so that the gaps between spall layers do not appear in the plots.
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S. ESTIMATED PROPERTIES AND ANALYSES

Whether photospall can be invoked for medical applications will depend largely on tissue and laser 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 for 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 lissue is water, guesses of tissue properties
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 photospall with irradiations for which the front surface dose 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 pm/ns an 1 should be well known for tissue because of ultrasounc work. The
Grineisen coefficient for walter is about 0.3; soft tiss .¢ might have a similar value. However, it should be noted that the
effective Griineisen coefficient is reduced substantial’ 7 by even a siight degree of porosity; it would seem important to keep
the tissuc saturated with water during photospall operations to avoid porosity. Determination of the Griincisen coefficient
can be made by measuring the density, specific heat, thermal erpansion coefficient and compressibility and calculating the
cocfficient from Eq. 9. A more accurate determination of T 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
constnt (causing Eq. 7 to be only an approximate relation); so that experimental determinations of the parameter should be
designed to measure its variation over the range of interest. Neglecting reflection of the incident fluence at the tissue surface

(which may introduce some error), comparison of calculations using Eq. 7 with stress amplitude measurements by Dycrl for
cornca irradiated with a KrF laser (with a pulsclength that was apparently about 10 to 20 ns) indicate a valuc for the

Griincisen cocfficient of about 0.15 for fluences below the ablation threshold, which was observed to be at 0.15 Jem?,

Depending on the laser wavelength, the laser absorption coefficient, p, of the tissue can vary from small values up to
about 12,000 cm™!. To promete photospall, the pulsclength, 1, nceds to be sufficicntly 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 10 be advantages to sclecting

a large absorption cocfficicnt (and thus a short pulsclength) for photospall such as mirimizing the fluence per pulse and
minimizing the impulse (momentum) per pulse. Also, for short pulselength, the residual compressive stress puise will
rapidly attenuate duc to dispersion as it propagates through the tissue, which should reduce stress damage to *he remaining
tissuc. However, there might be circumstances where lower absorption coefficicnts and longer laser pulselengths would be
preferred. For example, at high flux and/or high repetition rate, laser pulse blockage by tissue fragments f--  previous
pulses or acrosol breakdown might occur; this might inposc limitations on the flux or repetition rie or dictaw  ecial gas
handling procedures over the tissuc in the exposure region.

The spall strength is probably the parameter with ine largest uncertainty and could be the determining factor as to whether
photospall can he utitized in medical applications. The spall strength for water, resulting from surface tension and viscosity,

I8 rcpnru-d7 to be ahout 2 to 20 bar, with cxpected dependence on strain rate. In general, the spall strength of a material is
strain rate and termperature dependent; this potential complication, which may or may not have practical consequences for
medical applications, should be taken into consideration when interpreting experimental data. The spall strength of water
would seem o set a lower hmut for the spall strength of tissue. Perhaps for soft tissuc the bonds between cells or fibers s
not large so that it is conceivable that in certain regions and in certain directions, the spall strength of tissue is not much
Targer than that of water.  Also, it scems plausible that photodecomposition might reduce the spall strength so that a
combination of photospall and photodecomposition might be ceffective; in other words, it might be cffective to use shon
wavelength lasers for photospall.

In the KrF laser rradiations of cornca by Dyer! discussed above, the absorption coefficient is reported 1o be 330 em'!
with the ablation threshold at .15 Jjem?2 where the stress amplitude is 22 bar. Putting this absomption coefficient and
fluence into Yy, 2 gives a front surface energy density at the ablation threshold of only 50 J/g, which corresponds to a
temperature nise of about 12 °C, well below the threshold for photothermal ablation. It appears likely that photospall is the
mechamsm for photoablation in these experiments and that, based upon this data, the spall strength of the comea is about 20

bar. It has been reported ! 8 that ablation with 248 nm radiation produced incisions with ragged edges and more severe
damage m adgacent sttoma than with 193 nm; this would seem (o be (at least partially) a natural consequence of the large
absorption depth for KrF compared to ArF. For very thin spall layers, perhaps cach one would break away cleanly around
the peniphery. However, with a large absorntion depth in soft tissue, a spall layer with a thickness of a few teny 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 laser pulse would produce a spall plane and the next pulse would produce mid-plane
spall in the previously spalled layer (because of stresswave reflection at the spall plane), etc. until the layer was finally
eroded away; this would surely be an undesirable approach, likely leaving a jagged edge and possibly spall planes at greater
depth. Further experiments and inalysis should be abic to establish whether this speculative explanation is correct; for
example, it might be useful to look for a spall plane after a single laser irradiation pulse.

Stress amplitudes have been measured by Dycrl for cornea exposed 10 16 ns ArF pulses. Based upon the ArF low
intensity absorption coefficient of 2.7x103 cm-1, the characteristic time, tg, is about 2.5 ns. Because of the long ArF

pulselength 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 Grilneisen coefficient of 0.3 with Eq. 8 for fluences

above about 0.2 Jjcm? (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 dose at this fluence (neglecting reflection at the tissue surface) of about 130 J/g (corresponding to a 30 °C
temperature rise, assuming rapid conversion to heat), which is well below the vaporization threshold. Based upon an

assumed enthalpy of 400 J/g, incipient vaporization would be about 0.13 J/em?2; above this fluence photothermal

decomposition would play a major roll in the photoablation process. At fluences above 0.07 J/cm?2, 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 tissuc to reduce the spall strength 1o lower than 20 bar and cause ablation 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/cmz. There has been

speculation!, that this might be caused by the photochemical absorption of the laser photons leading to long lived (compared
to the laser pulselength) excited states, thus delaying the conversicn of deposited energy to heat, which would inhibit
photospall in the same manner as a long pulselength laser does. This could be accounted for by patting this excited-state
lifetime into Eq. 8, instead of the pulsclength, 1 ; however, 1o match the data, this lifctime would have to decrease from a

large to a small value as the fluence increases from 0.05 to 0.2 Jjem2, 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 lascr
flux and material temperature would also be valuable. It is also plausible that a small degree of porosity could cause a smail
effective Griincisen cocfficient until enough thermal expansion has nccurred to fill the pores; however, this scems 1o be
discountable because the measurements for exposurcs of cornea to KriF lasers did not show this nonlinear stress behavior at
low fluences. Further experiments, and supporting analyses, such as time resolved stress, iemperature and fluorescence
measurements as a function of laser pulse length and fluence should provide a definitive resolution of this issue. The issue
seems important (o resolve because it affects all mechanisms for ablation as well as secondary damage to surrounding tissuc.

Although it appears that photospall occurs for KrF irradiation of cornea, the large absorption depth scems to be a
disadvantage. The absorption depth is much smaller for ArF. If the ArF pulselength could be reduced from the present
valuc of about }6 ns to about 1 ns, then, at least above 0.05 J/cm?2, photospail could be enhanced as an ablation mechanism
for this wavelength laser. By sclecting a luser with a short pulsclength and with a wavelength where the absorption
coclficient but where the generation of heat is not delayed by the decay times of states excited by photochemical absorption,
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 achieved by photospall with a pulsclength of ahout a nanosccond at a
wavclength near 3 um where the absorption cocfficient of water is large; by tailoring the wavelength and pulselength in
relation to the water absorption peak near Mum, perhaps the optimum ablation conditions could be found.

In further considerations of photospall for medical applications, it would scem appropriate to first perform experimients
with judicious diagnostics under conditions dictated by equations in Section 2, using estimaled or best available material
properties to confirm the validity of the photospall relations. Initial experiments might pest utilize simple materials such as
water of polymers to demonstrate the physical principals. Diagnostics might include: pressure, impulse, ablation depth and
high speed photographic measurements. If these results show prospect, it might then be appropriate to continue these satme
type of experiments on biological tissue with carclul, systematic variation of appropriatc parameters in order to deduee the
tissuc propertics needed in the equations. Having verified the physical relationships and obtained necessary material
propertics, calculations could then be performed to provide accurate guidance of laser parameters to be used in clinica!l
applications,



6. SUMMARY

In summary, to take advantage of the potential benefits of the photospall process, the pulselength needs to be about equal
to or shorter than the time for an acoustic signal to traverse one laser absorption depth. The applicability of photospall to
raedical 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. It
appears that this raiio likely is large enough so that, for short pulse lengths, spallation would occur at fluences well below
thermal vaporization, in which case photospall saould 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 example, if I' 2 0.15 and
Gg < 3C 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 needed. Also, by operating at just above the thresheld for
photospall, the compressive pulse imiparted 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 pulselength. 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-1 or larger, which occurs at about 3 pm for water, the laser pulse needs 10 be of sub-
nanosecond duration. This mighi be an ideal application for a RF linac free electron laser, which could operate at this
wavelength and has such a short pulse with a very high repetition rate.

7. APPENDIX.-THERMOELASTIC STRESS FOR RECTANGULAR LASER PULSE

Let t=pet, 1 =pet, §=px, and A=(1l-exp(-t)) /7, . Then, assuming that the laser flux is constant for a

duration of 1] and with a total fluence of Fy, evaluating the integrals presented in the paper by Bushnell? gives:

o = (1/(21)) TRF, [exp-(t- &) - exp-(t + E)] fort<y , Est
o = (1/21)) TuF, [exp-(§- 1) - exp-(§ + 1)) fortsq,, £21
6 = - (Af2) TuF, [exp-(T- §- 1) -exp-(t+§ - 1) fort2zq , E<t, <11
0 =-(A2) TpFy [Bexp(t- §-1) -exp-(t+ & - 1)) fortzq , <, E21-17,

where Bz (exp2(t - § - 1)- exp(-tp)) / (1- exp(-11))
o = (Af2) TRE, [exp-(§- D+ exp-(§ + 1- 1)’ fort>q , E21
8. REFERENCES

1. P E. Dyerand R. K. Al-Dhahir, Transient photoacoustic studies of laser tissue ablation, Proceedings of Laser-Tissue
Interaction, SPIE Vol. 1202, 1990,

2. S, L. Jacques, private communication, 1991,

3. R.S. Dingus and B. P. Shafer, Laser-induced shock wave effects in materials, Proceedings of Laser-Tissue
Interaction, SPIE Vol. 1202, 1990,

4. F.R.Tuler and B. M. Butcher, A criterion jor the time dependence of dynamic fracture, J. of Fructure Mech, 4.4, 431
437, Deg, 1968.

5. J.C. Bushnell and . J. McCloskey, Thermoelastic stress production in solids, J. Appl. Phyvs. 19, 5541-5546, 1968,

6. S. L. Thompson and H. 5. Lauson, Improvements in the CHART D Radiation Hydrodynamic Code 11- A Revised
Program, SC-DR-710715, Sandia Laboratorics, Albuguerque, NM, February 1972,

7. DK Grady, The Spall Strength of Condensed Matter, J. Mech, Phys. Solids 36:3, 351-3184 (1988)

R. C. A. Puliafite, R. F. Steinert, T, F. Deutch, F. Hillenkamp, E. J. Dechm and C. M. Adler, Excimer Laser Ablation of
the Corn g and Lens, Opthalmology, 92, 741-748, 1985,



