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Abstract 

Pulsed Ultraviolet Laser Ablation: 

Theoretical Considerations and Applications in Medicine 

George H. Pettit 

Pulsed ultraviolet lasers can be used to induce clean etching in organic and some 

inorganic materials. This effect is called photoablation or ablative photodecomposition. 

Although the precise cause remains unknown, this phenomenon is becoming of vital 

importance in micromachining, materials processing, and medicine. 

To better understand the photoablation process, a theoretical description of the process 

has been developed. This description is based on a treatment of the radiation transport of 

intense ultraviolet light pulses through absorbing organic material. The theory predicts 

deviations from Beer's Absorption Law at high intensities which are in fact observed. 

These discrepancies are due to three main effects: saturation of the finite number of 

chromophores in the material, multiphoton absorption, and attenuation of laser light by 

ablation products. Using the analysis to model the ablation process it is possible to 

describe observed ablation behaviors for a variety of synthetic and biological substrates. 

Excimer laser photoablation has also been studied experimentally as a means of 

removing occlusive arterial thrombi. Thrombi induced in canine coronary arteries were 

removed with XeF excimer laser light (351 nm) delivered via flexible optical fiber. The 

results of this study indicated that it was possible to remove significant thrombi (27 mg 

mass) within 3 minutes, without causing injury to the adjacent arterial wall. In addition, 



the ablation products consisted of a minute volume of gas and small particulate debris 

(> 100 ~m), which would not be a cause of concern in a clinical procedure. 

Excimer laser induced autofluorescence signatures have been analyzed as possible 

diagnostic aids in laser angioplasty procedures. Spectra acquired from cadaver artery 

samples using low intensity laser light revealed distinct differences in fluorescence 

response between healthy and atherosclerotic arterial wall. Fluorescence spectra acquired 

during tissue ablation with intense laser pulses also exhibited variation between healthy and 

diseased sites. Spectral examination of tissue sites after ablative tissue removal showed 

changes in fluorescence response which coincided with penetration of diseased lesions. 

These findings indicated that it should be possible to use UV laser fluorescence 

spectroscopy to target atherosclerotic lesions and to monitor in real time the ablative 

removal of these vessel obstructions. 
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Introduction 

Lasers are gaining widespread acceptance in a variety of medical disciplines due to the 

unique advantages offered by these intense light sources. Laser tissue cutting is a precise, 

noncontact, sterile process applicable to various surgical procedures. In addition, the 

wavelength dependent absorptive properties of different tissues allows for the selective 

treatment of targeted absorbing lesions contained within other tissue transparent to a 

specific laser wavelength. This approach has been particularly successful in various 

ophthalmic and dermatologic applications. Fiber optic delivery of laser light allows for the 

removal of internal lesions through catheter procedures, instead of major surgery. Laser

based techniques are much less stressful to the patient, less costly, and with some disease 

states the only known treatment. 

Pulsed ultraviolet excimer lasers are particularly well-suited for certain medical 

applications due to the nature of UV laser ablation. Irradiating an organic substrate with a 

10-20 nanosecond pulse of intense ultraviolet light results in the complete vaporization of a 

thin surface layer of the material. The depth of the removed layer is typically one micron or 

less. Subsequent examination of the remaining bulk material reveals virtually no evidence 

of thermal damage. Thus pulsed ultraviolet laser light can cause the discrete removal of 

submicron volumes of targeted material without harming the immediately adjacent tissue. 

This effect, called photoablation, is illustrated dramatically in the figure below [1]. 

This electron micrograph shows a 1 mm hole drilled in an arterial wall sample by a XeF 

excimer laser (wavelength 351 nm). The hole border is sharp with no evidence of 

charring. The pattern of endothelial cells, which cover the endothelial artery surface 

shown, remains intact. Closer examination of the hole rim reveals that individual cells have 
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been neatly cleaved in half at the periphery of the laser-targeted region. Thus the zone of 

tissue damage in the remaining sample extends one cell length or less from the edge of the 

ablated region. 

This extreme degree of selectivity makes pulsed UV laser photoablation particularly 

attractive in two areas of medical application; corneal sculpting and angioplasty. 

Ophthalmologists for years have explored the possibility of changing the curvature of the 

cornea, the clear front surface of the eye and the major focussing element in the optic 
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system, to correct for various vision defects. If successful, this technique would eliminate 

the need for corrective eye wear. Preliminary experiments on excimer laser refractive 

corneal surgery have been extremely successful and the procedure is currently undergoing 

clinical trials. In cardiology, physicians have spent tremendous effort in developing 

catheter techniques to treat coronary vessel disease, the major medical cause of death in the 

developed world. Excimer laser light, passed through small optical fibers, has been shown 

to effectively ablate obstructive atherosclerotic lesions in coronary arteries without 

perforating the wall or compromising vessel integrity, and this procedure is also in clinical 

trial. 

While UV laser photoablation has been shown to have tremendous utility in medicine, 

as well as in electronics and materials processing, the fundamental process remains poorly 

understood. In Chapter 1 of this work the experimental evidence associated with the 

photoablation process is presented and a theoretical model of the phenomenon is 

developed. As is shown, various factors can affect the photoablation process. These 

include bleaching of the substrate by the intense ultraviolet laser light, shielding of the 

target to laser radiation by the transient plume of vaporized material, nonlinear absorption 

processes in the solid material. The model developed in this work, which takes these 

various effects into account, is used to explain the observed ablation behavior for excimer 

laser irradiation of corneal tissue as well as a host of synthetic organic substrates. 

Chapter 2 discusses an experimental study where UV laser ablation was used to remove 

occlusive arterial thrombi. Blood clot formation in a coronary vessel narrowed by years of 

atherosclerotic plaque accumulation is thought to be the acute event precipitating a heart 

attack. As mentioned above, excimer laser/catheter systems are already being tested 

clinically as means of removing vessel plaques. These same devices should be directly 

applicable to thrombolysis procedures as well. The results of this study indicate that it is 
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possible to ablate occlusive clots completely without damaging adjacent healthy wall tissue. 

These intravascular procedures require real-time diagnostic feedback information so that 

the ablation process may proceed quickly but under precise control so that catastrophic wall 

injury does not occur. Chapter 3 examines one diagnostic approach, laser induced 

fluorescence analysis. The same fiber optic apparatus used to deliver the ultraviolet laser 

light can be used to collect the resultant fluorescence spectra emanating from the targeted 

tissue. As is shown by the experimental results presented, arterial wall samples subjected 

to UV laser irradiation emit broad band fluorescence signals that can be used to discriminate 

regions of healthy and atherosclerotic tissue. Furthermore, these spectra can be used to 

monitor the ablative removal of plaque and to determine when a lesion has been penetrated 

and underlying healthy wall reached. This would allow for the selective removal of vessel

obstructing plaques with preservation of the essential wall integrity. 

In summary, excimer lasers have tremendous potential as tools in treating serious 

medical conditions due to the degree of selectivity possible with pulsed UV laser ablation. 

This thesis contributes to the better understanding of the excimer laser ablation process and 

discusses two important medical applications of these ultraviolet sources: laser 

thrombolysis and laser induced autofluorescence as a diagnostic tool in cardiology. 

Reference 

1. G.H. Pettit, I.S. Saidi, F.K. Tittel, R. Sauerbrey, J. Cartwright, R. Farrell, and C. R. 

Benedict, "Thrombolysis by excimer laser photoablation," submitted to Lasers in 

Surgery and Medicine, November 1989. 
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Chapter 1 

The Pulsed Ultraviolet Laser Ablation Process 
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I. Introduction 

Irradiation of solid organic material such as biological tissues or synthetic polymers 

with pulsed ultraviolet laser light of sufficient intensity causes clean etching of the substrate 

[1-3]. In the typical intensity range of 107 W cm-2 no visible plasma phenomena occur 

and the morphology of the etched solid surface indicates little or no oxidation or 

carbonization when the process is performed in air. (Inspection of the molecular products 
\ 

of UV laser etching suggests that photochemical decomposition of the substrate material 

plays a significant role at least for the shortest laser wavelengths investigated. 

Consequently the phenomenon of "cold" laser ablation was termed "ablative 

photodecomposition" [3]. Excimer lasers are expected to have great utility in the 

microelectronics industry as well as many medical disciplines because ablative 

photodecomposition (APD) allows for the discrete removal of targeted substrate material 

without significantly altering the adjacent remaining bulk. In addition, ultraviolet laser 

ablation allows for processing of micron-sized structures [1,2]. 

Ultraviolet laser ablation has been extensively studied for a variety of organic substrates 

[ 4-13], and several important features of this process are well documented. These 

include: 

1. The process of APD has a threshoJd fluence, which depends mainly on the absorption 

coefficient of the target substrate at the incident laser wavelength [5-8]. At fluences 

below this threshold only miniscule etching (less than 0.05 ~m per laser pulse) is 

observed, if at all. Above threshold the etch depth per pulse increases dramatically with 

increasing laser fluence. 

2. For fluences slightly above threshold the etch depth per pulse d varies logarithmically 

with the laser fluence F as: 



7 

d-ln(£_), 
Fth (1) 

where Fth is the threshold laser fluence [4,8]. 

3. At higher fluences there are considerable deviations from the logarithmic relationship 

expressed in Equation 1 [7 ,8,9,10]. In general the observed etch depth dependence 

on laser fluence becomes approximately linear [8,9]: 

d- (F- F 0), (2) 

where Fo denotes a characteristic fluence usually not equal to the threshold fluence. 

For some materials the etch depth per pulse approaches a constant value at greater 

fluences [10,14]. 

4. Absorption of laser radiation leads to an increase in temperature in the target material. 

Below the ablation threshold this temperature rise is directly proportional to the laser 

fluence per pulse, while above the ablation threshold the rate of temperature increase for 

increasing fluence becomes considerably slower [5]. 

5. APD is accompanied by an acoustic signal that increases abruptly at the ablation 

threshold [5], and decreases with increasing laser wavelength [15]. 

6. There are numerous molecular products generated by APD. The nature and abundance 

of these decomposition entities depends sensitively on the material, laser wavelength, 

and laser fluence. For ArF excimer laser ( 193 nm) ablation of polymethyl methacrylate 

(PMMA), an abundance of the MMA monomer is found among the ablation products. 

This is in contrast to KrF excimer laser (248 nm) ablation of the same material, where 

the monomer yield is much less in comparison with larger polymer fragments [6]. 

Ablation of PMMA with either wavelength laser also causes formation of low molecular 

weight products such as C2 and ejection of solid polymer material [6]. Ablation of 
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biological substrates such as healthy arterial wall or the corneal tissue yields primarily 

products of low molecular weight such as H2, CO, C02, C:E-4, and C2l4 [15,16]. 

7. The products of APD leave the material surface with velocities on the order of 103-104 

m s- 1 [7,17]. While the amount of substrate removed per pulse depends acutely on 

the laser fluence used, the velocity distribution of the ejected material varies only 

slightly with fluence. 

8. The rapid onset of the etch process combined with the rapid ejection velocity result in 

the formation of an expanding plume of APD decomposition products during the 

ablation laser pulse [6,18]. This plume can, in turn, significantly attenuate laser 

radiation in the latter portion of the pulse and hinder the ablation of the substrate. This 

effect is important for polymethylmethacrylate (PMMA) ablation [6,9,10]. 

9. For certain materials irradiated with moderate fluence laser pulses (F s 1.0 J cm-2), the 

absorption of several pulses is required before significant etching is observed [10]. 

The number of pulses required in this incubation process decreases with increasing 

laser fluence per pulse. 

Several attempts have been made to describe the phenomena of APD theoretically 

[3,4,9,10,19,20]. There appears to be general agreement that at least for very short 

wavelength laser light (As 200 nm) direct photochemical bond breaking plays an important 

role in the ablation process. The simplest picture advanced early on describes APD as one 

photon absorption causing direct photochemical bond cleavage in the solid. This leads to a 

rapid decomposition of the material into highly volatile molecular fragments. This model 

can account for the clean morphology of the etch crater, the existence of a threshold fluence 

[5,6,7 ,8], the observed acoustic signal, and the etch depth versus fluence relationship 

given in Equation 1. However, it was subsequently pointed out that while similar ablation 

effects were observed for the longer ultraviolet laser wavelengths (A 2:: 248 nm), the 
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experimental results for these sources can be understood when the electronic excitation of 

the solid due to photon absorption leads not to direct "bond breaking" but to a rapid heating 

process resulting in explosive evaporation of the substrate [ 4,11]. Further investigation 

uncovered the considerable deviations from Equation 1 at higher fluences, and a much 

more complex picture of APD evolved. It has been pointed out that multiphoton effects 

play an important role in APD, particularly at higher wavelengths (A 2:: 300 nm), where the 

energy of single photons is insufficient for bond breaking [7]. UV light absorption in 

organic compounds has been shown to be to a considerable extent a two-photon process 

even at moderate power densities on the order of 106 W cm-2 [21]. 

In a recent theoretical investigation a solution to the APD problem is proposed [19]. It 

is assumed that bond breaking is the important mechanism in ultraviolet laser ablation. The 

essential feature of this model is that broken molecular bonds remain in the unetched 

portion of the target substrate following absorption of a single laser pulse. The ensuing 

laser pulse builds on this residual broken bond density and leads to further ablation. This 

approach can account for the linear increase in etch depth at higher fluences for certain 

materials (Equation 2) and the incubation effect seen in PMMA, but not the existence of a 

threshold fluence. In addition, the picture advanced in this work is based strictly on single 

photon absorption leading to bond breaking, which may be less important than rapid 

photopyrolysis at longer UV laser wavelengths, as discussed above. 

In all previous work it was assumed that the attenuation of the laser radiation in the 

substrate occurs according to an absorption law where the absorber density is independent 

of the incident laser intensity. Absorption of UV photons leads to electronic and/or 

vibrational excitation in the target material. In organic polymers the absorbing constituents 

are the chromophoric groups, and any biologic or synthetic substrate will have a large but 

finite chromophore density. For polyimide (Kapton) the density of the imide monomers 
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can be estimated to be about 2•1021 cm-3. The imide molecule is relatively complex, 

containing 3 aromatic rings and multiple conjugated double bonds, as shown in Figure 1.1 

[7]. The number of chromophores within each monomer can be estimated to be between 

7 and 13. The measured small signal absorption coefficient a of this polymer is 

approximately l•HP cm-1 at 248 nm [5]. KrF excimer laser ablation of polyimide starts in 

the 30-70 mJ cm-2 fluence region [4,7]. Using a threshold fluence of 50 mJ cm-2, the 

number of absorbed photons per volume can be estimated as aFttihv = 6•1 021 cm-3. Thus 

just at the ablation threshold, about 3 photons are absorbed per monomer in polyimide, or 

roughly 0.2 to 0.5 photons per chromophore. Consequently the number of absorbed 

photons per chromophore at fluences slightly above threshold approaches one. For bond 

cleavage, essentially a chemical reaction, the corresponding chromophore excited state 

lifetime is infinitely long compared to the 10-20 nanosecond excimer laser pulse. Even in 

the case of electronic excitation events, the chromophore excited-state lifetimes are finite 

and can be as long as microseconds [22]. If the excited chromophore state is 

nonabsorbing, laser irradiation of a substrate should cause saturation of the chromophores 

near the surface of the material. Saturation or bleaching would allow a relatively larger 

fraction of the incident laser energy to penetrate deeper into the material and hence would 

enhance the ablation process at higher laser fluences [23]. Such transient substrate 

bleaching has recently been observed [24]. 

While saturation would tend to decrease the instantaneous absorption coefficient relative 

to the measured small-signal value that enters into Beer's Law, multiphoton absorption and 

plume attenuation would both serve to increase total absorption. Both situations have in 

fact been observed experimentally for different materials at sufficiently high fluences [5-

8,10]. Only very close to the threshold fluence does the absorption coefficient for 

polyimide under ablation conditions agree approximately with the low-intensity value [4]. 
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Figure 1.1. The imide monomer found in polyimide. The monomer contains 39 atoms 

in a highly conjugated molecular structure of 382 amu. The monomer density in the solid 

is approximately 2.3•1 021 cm-3. 



12 

Therefore, the key to understanding the etching data by APD is a careful analysis of the 

radiation transport at high laser intensity. An analysis of the ablation process is presented 

which takes into account the effects of chromophore saturation, multiphoton absorption, 

and plume attenuation. As will be shown, the model developed is able to correctly describe 

the etch depth versus fluence for a wide variety of substrate materials at various excimer 

laser wavelengths. 

II. Theoretical Analysis 

A. Single-Photon Absorption 

Almost all previous investigations agree in that the absorbed laser radiation leads to 

direct bond breaking or rapid heating resulting in the removal of material to a depth where 

the laser pulse fluence falls to a threshold value which is not sufficient to cause any further 

ablation. The etch depth per pulse is then given as the depth into the material where the 

fluence reaches this threshold. A one-dimensional model is used in describing the 

attenuation of laser radiation in the substrate at increasing distance from the material 

surface. Given that the typical ablation depth per pulse is a few microns or less, while the 

irradiated substrate area is usually at least 100 ~min diameter, edge effects can be neglected 

and a one-dimensional description is expected to be valid. 

As discussed above absorption of laser light by substrate chromophores leads to 

ablation. Initially the simplest possible absorption scheme will be considered. This is 

shown in Figure 1.2. I(x,t) in the figure represents the laser pulse flux (photons cm-2 s-1) 

crossing depth x in the material at time t into the experiment. Initially all the chromophores 

in the substrate are in the ground state, level 0 in the diagram. As laser radiation is 
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1 

l(x,t) .. 
0 Po(x,t) 

Figure 1.2. Theoretical scheme for single-photon absorption of laser light within an 

ablation substrate. Chromophores in the ground state (0) are promoted to the excited state 

(1) by absorption of one photon from the laser pulse, with an absorption cross-section of 

0'1. The excited state is assumed to be nonabsorbing, and long-lived relative to the duration 

of the laser pulse. 
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absorbed, photon energy is deposited in the material and some chromophores are excited to 

levell. The absorption cross-section for this single-photon process is cr1 (cm2). Levell is 

assumed to be nonabsorbing, and for short wavelength photon absorption may correspond 

to a broken molecular bond. If po(x,t) and p1 (x,t) represent respectively the population 

densities (cm-3) in the ground and excited states at depth x and time t, then the temporal 

evolution of these two quantities can be described by: 

ap 1(x,t) iJp 0(x,t) 
dt = 0"1 Po(x,t) I(x,t). 

(3) 
---=---= 

dt 

Initially all chromophores are in the ground state, so that po(x,O) is a constant, po, and 

p1 (x,O) = 0. In a similar fashion the spatial attenuation of the photon flux is expressed as: 

iJI(x,t) 
ax =- cr 1 p 0(x,t) I(x,t) , 

(4) 

with the initial condition I(O,t) = I(t), the temporal development of the photon flux striking 

the surface. These two expressions are linked by the continuity equation: 

ap l(x,t) 
--=--= 

dt 
iJI(x,t) 

dX 

which indicates the conservation of energy in the absorption process. 

Equations 3 and 4 can easily be solved. Integration of 3 yields: 

Substituting Equation 6 into 4: 

(5) 

(6) 
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(7) 

Since the duration for conventional excimer laser pulses is on the order of 10-100 nsec, 

while the interval between laser pulses is on a time scale of milliseconds, Equation 7 can be 

integrated from time zero to infinity to obtain the attenuation law for the photon density 

S(x), where: 

S(x) ~ f = I(x,t') dt'. 
0 (8) 

S(x) is related to the fluence crossing the depth x in the material, F(x), through the 

expression F(x) = hv S(x). Integration of Equation 7 then yields: 

~~~Po f =- cr 1 I(x,t) ex+ fcr 1 I(x,t') dt') dt, 

0 

~ [p 0 ex~-f 'a 1 I(x,t') dt')[ 
0

, 

(9) 

which results in: 

(10) 

This is the central absorption law for the one-photon case. 

Several observations can be made about laser light absorption using Equation 10. For 

sufficiently small fluences, i.e. when cr1 S « 1, the expression reduces to Beer's absorption 

law: 

(11) 
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with the absorption coefficient a= p0 cr1. As the fluence increases, the exponential term in 

Equation 10 becomes progressively less significant. At large S, where cr1S » 1, Equation 

10 reduces to: 

(12) 

This represents saturation. Every chromophore in the saturated substrate absorbs one 

photon. Consequently, the fluence attenuation versus depth becomes independent of the 

absorption cross-section. Thus, in this region: 

(13) 

where So denotes S(O), the total laser pulse photon density striking the substrate surface. 

The spatial attenuation of an intense excimer laser pulse in a saturated substrate is shown 

graphically in the upper portion of Figure 1.3. The lower portion of Figure 1. 3 shows the 

spatial variation of the ground-state chromophore population in the substrate at the end of 

the laser pulse. In the completely saturated surface region there are virtually no 

chromophores left in the ground state. The maximum possible extraction of laser pulse 

energy occurs in this saturated layer, and the photon density decreases linearly. In 

contrast, deep in the material only a small fraction of the chromophores are promoted to the 

excited state and the attenuation of the light pulse is consequently less at large depths. Note 

that saturation becomes significant when S ~ l/cr1. Thus the fluence needed to initiate 

saturation of substrate chromophores is independent of the density of these chromophores. 

The chromophore density determines only the attenuation rate of laser light within the 

saturated surface layer (the slope of the linear portion of the upper curve in Figure 1.3). 

Equation 9 may be integrated from So to Sth, the threshold photon density for ablation, 

to yield an expression for the etch depth per pulse d1 for single photon absorption: 
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Figure 1.3. (Top) Attenuation of a laser pulse of initial photon density So in a saturated 

absorbing substrate. In the saturated surface layer the attenuation is a linear function of 

depth. Deep in the material the decay assumes an exponential dependence. (Bottom) 

Density of ground-state chromophores (initially equal to Po at all depths) versus depth at 

the end of the pulse. Saturation is accompanied by a complete depletion of absorbing 

agents. 
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1 1 ) 1 { 1 - ex~ -a 1 So)] 
d 1 = 's 0- s th + 1 . 

p o p o a 1 1 - exp{ -a 1 S th) (14) 

In this equation there are no free parameters. A value for the chromophore density Po can 

be estimated based on the known chemical composition and density of the substrate. The 

absorption cross-section a 1 is found by dividing the measured small-signal absorption 

coefficient a by PO· The critical photon density sth is equal to the observed threshold 

fluence divided by the photon energy at the laser wavelength. Within a reasonable 

tolerance, all these criteria should be fulfilled when using Equation 14 to describe 

experimental etch depth versus fluence data. 

Several factors are purposely simplified or omitted in this first treatment. Many 

substrate materials contain multiple chromophoric features with disparate absorption cross

sections. However, radiation transport in such materials is still be described by Equations 

3 and 4 if the value of p0 is chosen to represent the total density of all chromophores and 

a1 indicates the composite absorption cross-section, a weighted average of the values for 

each chromophore type (see Appendix A). Multiphoton absorption (leading to more 

energetic excited states) and finite excited-state lifetimes (causing return of chromophores to 

the absorptive ground state during the laser pulse) are not included in the initial picture. As 

will be shown later, these effects can easily be added to the basic theoretical framework. 

Equation 13 is applicable to the experimental situation of ablation of a polymer with a high 

small-signal absorption coefficient, indicative of significant single-photon absorption, and 

with a long-lived chromophore excited state. Such is the case for XeCl excimer laser 

ablation of polyimide. Polyimide (Kapton), a commercially available plastic with a density 

of 1.43 g cm-3 [25], is highly absorbing at ultraviolet wavelengths. The imide monomer, 

shown in Figure 1.1, has a highly conjugated molecular structure. Ultraviolet light 

absorption in this polymer is currently poorly understood. Initial absorption of a UV 
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photon in the monomer is thought to lead to a localization of the electrons, which allows for 

further light absorption [26]. Reported values of the measured absorption coefficient at 

308 nm range from 5-10 J.lm-1 [4,5,9]. In Reference 12 it was reported that the observed 

etch depth versus laser fluence relationship for polyimide was independent of the pulse 

length for XeCllaser pulses of 7 and 300 nsec duration, indicating an excited-state lifetime 

well in excess of 300 nsec. A comparison of the experimental etch data from that study and 

the theoretical curve arising from Equation 14 is shown in Figure 1.4, with the equation 

constants noted in the caption. Excellent agreement is achieved between the measured and 

calculated ablation behavior at all fluences except the highest used in the experimental 

study, with reasonable value for these equation constants. Given that the mass of the imide 

monomer is 382 amu, the density of monomers in the solid is 2.3 1021 cm-3. Thus, the 

value for Po corresponds to 18 chromophores within each monomer. Examination of the 

imide structure shown in Figure 1.1 gives an estimate of ~ 10 chromophores per monomer. 

It is possible that irradiation of the substrate with intense UV light leads to the formation of 

additional chromophores in the solid, which affect the absorption of subsequent laser 

pulses. This effect is called incubation and is discussed in detail below. Note that the 

implied absorption coefficient (pocr1) is 8 J.lm-1, well within the range of measured values. 

The effect of saturation is readily apparent in this figure. If the deposition of laser 

energy in the polyimide followed a simple Beer's Law distribution, so that the fluence 

decayed exponentially versus depth, one would expect to find a linear increase in etch depth 

per pulse versus the logarithm of incident laser fluence. This logarithmic relationship is in 

fact observed for fluences below about 1 J cm-2. However, as the incident fluence 

increases above 1 J cm-2 both the experimental data and the calculated curve tend upward 

and the dependence of ablation depth on laser fluence become more linear. This is 

suggestive of chromophore saturation in the surface layers of the material. It should be 
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Figure 1.4. Variable pulse duration XeCl excimer laser ablation of polyimide. The 

discrete points represent experimental data taken from Reference 12. The curve indicates 

the theoretical result for single-photon absorption by chromophores in the material, with the 

following parameter values: Po= 4.0•1022 cm-3, a 1 = 2.0•10-18 cm2, Fth= 0.1 J•cm-2. 
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pointed out that the relative in variance in etch depth over a wide range of pulse durations 

could be explained by a chromophore excited-state lifetime much shorter than the laser 

pulse length. In a theoretical treatment presented below a finite excited-state lifetime is 

incorporated in the model equations. However, it is not possible to describe the observed 

etch depth/fluence relationship of Figure 1.4 with a finite-lifetime approach using 

reasonable physical parameters for the polymer. The ablation behavior for the two 

pulsewidths becomes invariant if an excited-state lifetime much shorter that 100 psec is 

assumed, but such conditions preclude the development of chromophore bleaching over the 

tested fluence range. The resultant theoretical curves do not become linear at high fluences, 

where substrate saturation becomes an important aspect of the ablation process. 

In the figure the experimental data point for the highest fluence tested lies below the 

predicted curve. This disparity is found for many of the experimental cases presented in 

this study, and is due to plasma formation during the ablation event. Fluences in the range 

of several joules per square centimeter usually cause formation of a plasma in the plume of 

ablation products, which leads to additional shielding of the incoming laser radiation due to 

electron absorption [12]. This enhanced plasma absorption is not accounted for in the 

model equations. 

This theoretical treatment can be also used to understand the observed temperature rise 

in a polyimide film subjected to excimer laser irradiation. Figure 1.5 shows the measured 

pyroelectric signal versus incident XeCl excimer laser pulse fluence in a 7 5 ~m thick 

Kapton sample [5]. Note that the signal increases linearly with t1uence up to -0.1 1 cm-2, 

above which the signal continues to increase, but at a much slower rate. 

This temperature behavior is explained as follows. The magnitude of the observed 

pyroelectric signal will be directly proportional to the laser light energy deposited in the 

sample. If E represents this deposited energy, then below the ablation threshold: 
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Figure 1.5. The temperature rise in polyimde as a function of XeCl excimer laser pulse 

fluence. The disctrete points represent experimental data, taken from Reference 5, while 

the continuous curve is the theoretical result based on the single-photon absorption model 

shown in Figure 1.2. 
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(15) 

where hv is the photon energy, A is the area of the irradiated spot, and p 1 (x, oo) refers to 

the spatial distribution in excited-state chromophores at the end of the laser pulse (hereafter 

noted simply as p 1 (x)). Thus E is proportional to the number of excited-state 

chromophores. Above the ablation threshold some of the pulse energy is deposited in the 

ablated surface layer, so that the expression for the energy in the remaining polyimide 

sample is: 

(16) 

where d1 again is the ablation depth for the pulse. Note that in both Equations 15 and 16 

the upper integral limit is chosen to be infinity. Since both the typical etch depth and 1/a 

penetration depth for XeCl excimer laser ablation of polyimide are on the order of one 

micron, almost two orders of magnitude less than the sample thickness, this choice of 

integration boundaries is valid. Equation 5 can be integrated with respect to time to find 

pl(x) = ~ 
00 

a I 
--dt 

ax 

dS 
= 

dx (17) 

This expression states that the attenuation of the pulse fluence is equal to the accumulation 

of energy in the attenuating material. Thus dS/dx can be substituted for p1 (x) in Equations 

15 and 16 and the integrals solved to give: 
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E = h v A S(O), (18) 

for a pulse below the ablation threshold, and: 

E = h v A Sth• (19) 

above threshold, since S(x=d1) is by definition S1h and S(oo) is zero. S(O) is merely the 

fluence in the pulse, F, divided by the photon energy hv. Therefore, if Fth denotes the 

threshold pulse fluence (Sthlhv), and L\T represents the temperature rise in the solid, then: 

L1T- fF 
\ F th = constant (20) 

Thus, below the ablation threshold the total energy in the laser pulse heats the sample, 

while above threshold only a constant amount of the pulse energy is deposited in the solid 

material, with the excess being carried away in the ablation volume. This concept was first 

advanced in Reference 5 and is shown here to be a natural consequence of the radiation 

transport process. 

The continuous curve in Figure 1.5 is this theoretical result. From Equation 20, the 

breakpoint between the two absorption trends occurs at the ablation threshold, around 0.1 J 

cm-2 for 308 nm laser ablation of polyimide. The agreement between the observed and 

predicted temperature dependence on fluence is excellent, except for the fact that in the 

experimental case the temperature does continue to rise slowly above the ablation threshold. 

This can be attributed to heat transfer from the vaporized material to the intact solid during 

the ablation event, due to the acoustic wave triggered by the kinetic energy of the ablation 

products, a process not included in the theory. Extrapolation of the heating rate beyond the 

ablation threshold (the dashed lines in Figure 1.5) indicates that this fractional heat transfer 

leads to a heating rate of approximately one third to one fourth of the direct heating by the 

laser radiation. A similar temperature/fluence dependence has been noted for both ArF and 
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KrF excimer laser irradiation of polyimide, with the break points in the temperature rise 

coinciding with the ablation thresholds in both cases [5]. 

B. Multiphoton Absorption 

Equation 4 can be expanded to allow for laser attenuation by multiphoton as well as 

single photon absorption: 

(JI(x,t) 2 3 
ax =- a 1 p J_x,t) l(x,t)- 2 a 2 p J_x,t) I (x,t)- 3 a3 p J_x,t) I (x,t) ... , 

(21) 

where an indicates the cross-section for n-photon absorption and Po again represents the 

density of ground-state chromophores. The increasing integer coefficients associated with 

each term in the expression are due to the fact that every n-photon absorption event reduces 

the number of photons in the laser pulse by n, while the product of (an Po In) gives only the 

rate of n-photon absorption events. 

It is likely that competitive absorption processes involving different numbers of 

photons occur in most substrates subject to intense laser irradiation, and the mathematical 

analysis of such interaction is quite complex. However, in certain situations the absorption 

of "n" photons predominates over other absorptive mechanisms, so that a single coherent 

multiphoton absorption pathway leads to ablation. Polyethylene tetrafluoride (Teflon) 

ablation is a good example of this phenomenon [27]. Unlike ablation of polyimide, 

irradiation of Teflon with conventional (10-20 nsec) KrF excimer laser pulses does not 

produce clean etching of the substrate. Fluences as high as several joules per square 

centimeter cause only a rough surface degradation. Examination of the chemical structure 

of this polymer ( -CFz-) reveals few chromophores likely to absorb light at 248 nm, and in 

fact the small signal absorption coefficient for Teflon at this wavelength is small. 

However, irradiation of the material with 300 fsec KrF excimer laser pulses of comparable 
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fluences does result in clean etching. In such a subpicosecond pulse the photon flux 

exceeds 1030 photons per sq. em. per second, at least three orders of magnitude higher 

than the flux in a pulse of several nanoseconds duration. Multiphoton absorption 

dominates under such conditions [10,27]. In a multiphoton absorption process the 

lifetimes of intermediate levels are so short that they are neglected, but the state that is 

reached after n-photon absorption may be long lived relative to the laser pulse. For ablation 

to occur via this absorption mechanism, excited state formation must cause chemical 

dissolution in the polymer, or lead to generation of radicals which immediately break chain 

bonds, so that the material is converted into volatile fragments. 

If conditions are such that absorptive processes other than those involving n photons 

may be neglected, a mathematical treatment of the radiation transport is readily achieved. 

Equation 21 reduces to: 
ai(x,t) n 

ax =-nan p Jx,t) I (x,t) . 
(22) 

Similarly, an expression analogous to Equation 3 in describing the temporal development 

of excited-state chromophores can be written: 

ap o(x,t) n 

at = an p 0(x,t) I (x, t) . ---= 
at 

The continuity equation for this system is then: 

a1 apo 
---n--
ax- at ' 

(23) 

(24) 

where n again is the number of photons absorbed per chromophore. Each absorption event 

produces one excited-state chromophore and consumes n photons. For three-dimensional 

radiation transport the continuity equation can be generalized to: 
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(25) 

This absorption scheme is shown schematically in Figure 1.6. Integrating Equation 23 for 

po(x,t) and substituting into Equation 22 yields: 

1f t ) dl(x,t) n n 1 I 

dx =- n crnp 0 I (x,t) ex -
0 

crnl (x,t) dt , 

(26) 

and a second temporal integration gives an expression for the photon density spatial 

attenuation: 
00 

a~~)=- n Po cr.{(x,t) ex1-~ 'cr.{(x,t') dt')dt. 

If the function F(t) is defined as: 

then Equation 27 becomes: 

0 (27) 

F(t) = f 'a.J''(x,t') dt' , 
0 

=- n p 0[- exp(- F(t))J: 

(28) 

(29) 
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Figure 1.6. Theoretical scheme for n-photon absorption of laser light within an ablation 

substrate. Chromophores in the ground state (0) are promoted to the excited state ( 1) by 

coherent absorption of n photons from the laser pulse, with an absorption cross-section of 

O'n. Absorption processes other than n-photon are assumed to be negligible. The excited 

state is again nonabsorbing, and long-lived relative to the duration of the laser pulse. 
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For usually present laser pulse intensity profiles, it is possible to show that: 

(30) 

with K1 = 1 and Kn = An/'tn-l, where An is a pulse shape dependent constant and 't is a 

characteristic time for the laser pulse (see Appendix B). Thus Equation 29 becomes: 

dS(x) ( ( n)) dx =- n p 0 1- exp -an Kn S , 
(31) 

For single-photon absorption (n = 1) this expression reduces to Equation 10. Finally, 

Equation 31 can be integrated to find an expression for the etch depth for an n-photon 

absorption process: 

(32) 

with sth now indicating the threshold photon density for n-photon ablation. 

Equation 32 is not easily solved analytically. However, in the high fluence limit 

(crnKnSn » 1) the integral expression reduces to: 

or: 

So- Srh 
dn:::::---

(33) 

(34) 



30 

These equations describe saturation of the multiphoton absorption process. At high 

fluences, the energy extraction by the substrate reaches a maximum. Every chromophore 

in the saturated material absorbs n photons from the laser pulse. Under saturation 

conditions the etch depth per pulse rises linearly with increasing fluence (Equation 33), and 

the deposited energy per volume becomes a constant: hv times npo (Equation 34). 

This multiphoton absorption description is applied to the experimental case of Teflon 

ablation with subpicosecond pulses of 248 nm excimer laser light [27]. Figure 1.7 shows 

a comparison of the experimental data from Reference 25 with the numerical result for 

Equation 32 using the equation constants noted in the figure caption and assuming n = 2, 

that is two-photon absorption. In this polymer ablation is observed to begin at -0.3 J cm-2 

for 300 fsec KrF laser pulses. The density of Teflon is 2.15 g cm-3 [27], so that the value 

used for Po corresponds to about 1.5 chromophores per CF2 subunit. The agreement 

between the measured and calculated etch data is excellent, even in the region of high laser 

fluences. Development of a plume begins approximately one picosecond after onset of 

laser irradiation [18], well after complete deposition of the pulse energy in a 300 fsec 

pulse. Thus, shielding of laser light by plasma formation in the plume would not be 

expected to occur. It is also possible to fairly closely approximate the experimental ablation 

data using the single-photon absorption model above, but doing so requires unreasonable 

values for the equation constants [23]. 

III. Numerical Analysis 

A. Finite Excited-State Lifetime 

To this point the lifetime of the chromophore excited state has been assumed to be large 

relative to the duration of the excimer laser pulse. Since electronic excited states in 
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Figure 1.7. Ablation of Teflon with a 300 fsec pulse KrF excimer laser. The points 

represent experimental data taken from Reference 27. The curve is the calculated result for 

2-photon absorption by chromophores in the material, with the following parameter values 

used in Equation 31: p0 = 3.6•1022 cm-3, cr2K2 = 4.0•10-37 cm4, Fth = 300 mJ•cm-2. 
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polymers typically have lifetimes ranging from nanoseconds to microseconds [22], this 

assumption is certainly reasonable in the case of ablation with subpicosecond laser pulses. 

However, decay of chromophores to an absorbing ground state may play an important role 

with nanosecond pulses. Ablation of polyimide with ArF and KrF excimer laser pulses 

produces etch depth versus pulse fluence relationships (shown in Figures 1.10 and 1.11) 

similar to that for XeCllaser ablation of this polymer, with distinct regions of logarithmic 

and linear increase. However, application of the simple single-photon model described 

above to these measurements results in unreasonably high chromophore densities ranging 

from 40 to 200 per imide monomer. The experimental results are much more satisfactorily 

described by the theoretical treatment given below, which allows for significant 

chromophore decay to the ground state during the pulse and still results in saturation of the 

absorbers with sufficiently intense laser pulses. 

Returning to the single-photon absorption model, Equation 3 may be amended as: 

ap 1(x,t) ()p 0(x,t) p 1(x,t) 
dt = a 1 p0(x,t) I(x,t)-

't 
---=---= 

dt 
(35) 

where 't refers to the excited-state lifetime. Obviously, if 'tis very large compared to the 

laser pulse width Equation 35 reduces to Equation 3. The spatial attenuation of the photon 

flux is still described by Equation 4: 

dl(x,t) 
ax =- a 1 p 0(x,t) I(x,t) , 

(36) 

Since energy deposition in the substrate occurs via chromophore light absorption, if E(x,t) 

represents the total deposited energy per volume, then: 

()E(x,t) 
dt = a 1 p 0(x,t) I(x,t) hv , 

(37) 
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where hv represents the energy per photon. Note that the original continuity expression 

(Equation 5) is no longer valid, but can be replaced by: 

oE(x,t) h ol(x,t) 
ot =- v ax (38) 

Figure 1.8 shows this model in schematic form. 

The coupled system of Equations 35-37 must be solved numerically. The general 

numerical procedure is shown schematically in Figure 1.9. A temporal intensity profile 

for the incident laser pulse of: 
- bt 

I(O,t) =ate (39) 

is used in carrying out the numerical integration. In this expression a and b are constants 

determined by the pulse temporal width and fluence. This incident laser pulse profile is 

propagated through a surface layer of the material of thickness ~x. Passage through the 

absorbing layer results in deposition of laser energy in the solid and attenuation of the 

pulse. Both the deposited energy in this surface layer E(O,t) and the intensity profile 

exiting the layer l(~x,t) are calculated. The attenuated pulse then enters a second ,1x-thick 

layer of the solid and the process is repeated. By progressing through successive 

incremental layers of the substrate the distribution of energy absorbed from the pulse is 

determined. The expected etch depth for a given laser pulse and substrate is then calculated 

by assuming that ablation occurs whenever the deposited energy per volume exceeds a 

threshold value Ec. A detailed account of the computer program used in calculating ablation 

depths based on this technique is presented in Appendix C. 

Figures 1.10 and 1.11 show experimental data for polyimide ablation by, respectively, 

ArF and KrF excimer laser irradiation. In modelling these ablation experiments, a value for 

Ec is required. Since ablation of a material occurs whenever the deposited energy per 
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0 Po(x,t) 

Figure 1.8. Theoretical scheme for single-photon absorption of laser light within an 

ablation substrate where the excited state has a finite lifetime. Chromophores in the ground 

state (0) are promoted to the excited state ( 1) by absorption of one photon from the laser 

pulse, with an absorption cross-section of a 1. The excited state is nonabsorbing, and has a 

lifetime of'!. Chromophores which decay to the ground state may absorb additional 

photons during the laser pulse. Decay is accompanied by transfer of energy (E) to the bulk 

substrate. 
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Figure 1.9. The numerical approach used in modelling the ablation process. The entire 

intensity profile of the incident laser pulse is propagated through progessive layers of the 

substrate material. Therefore, at each incremental depth in the target the complete time 

integration is performed over the duration of the pulse. 
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Figure 1.10. ArF excimer laser ablation of polyimide. The discrete points represent 

experimental data taken from Reference 7. The solid curve is the calculated result using the 

model equations for single-photon absorption by substrate chromophores with a finite 

excited-state lifetime. The equation physical constants are as follows: po = 9.1•1021 cm-3, 

0'1 =3.1•10-17 cm2, 't = 2.5•10-10 sec, Ec= 7000 J•cm-3. 
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Figure 1.11. KrF excimer laser ablation of polyimide. The discrete points represent 

experimental data taken from Reference 7. The solid curve is the calculated result using the 

model equations for single-photon absorption by substrate chromophores with a finite 

excited-state lifetime. The equation physical constants are as follows: Po= 1.0•1022 cm-3, 

a1 = 1.1•10-17 cm2, 1: = 1.3•10-9 sec, Ec = 7000 J•cm-3. 
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volume exceeds the threshold level for that particular substrate, Ec should be constant over 

the range of 15 nanosecond pulse ultraviolet lasers tested. Based on Equations 10, 15, and 

the observed threshold fluence of 0.1 J cm-2 for XeCllaser ablation of polyimide, the value 

of Ec can be estimated to be 7000 J cm-3 at 308 nm. The solid curves in the Figures 1.10 

and 1.11 indicate the calculated etch behavior based on Equations 35-37, with Ec set equal 

to 7000 J cm-3 and the other physical constants given in the captions. Close agreement 

between the curves and the experimental measurements is again achieved at all fluences 

except the highest tested, which again is attributable to plasma shielding of the substrate. 

The chromophore density used in the calculations correspond to 4-4.5 chromophoric 

features within each imide monomer. The highly conjugated molecular structure of the 

monomer suggects that the electronic system may be strongly coupled [26]. In this case 

the number of chromophores used in the model equations would correspond to the effective 

oscillator strength for the absorption process. The parameter values used in calculating 

polyimide ablation are summarized in Table 1.1 for all three excimer laser wavelengths, 

along with the calculated and measured absorption coefficients [4,5,9], ac and aM 

respectively (ac =Po 0"1). 

Table 1.1. Physical Parameter Values Used in Modelling Polyimide Ablation. 

A (nm) Ec (J cm-2) Po (cm-3) 0"1 (cm2) 't (sec) ac (Jlm-1) aM (Jlm-1) 

193 7000 9.1•1021 3.1•1 o- 17 2.5•10- 10 28 18-40 

248 7000 1.0•1022 1.1•1 o- 17 1.3•10-9 11 10-25 

308 7000 4.0•1022 2.0•10- 18 (>2•10-6) 8 5-10 

As was the case for XeCl excimer laser ablation of this polymer, at higher fluences the 

linear relationship between etch depth and logarithm of laser fluence is lost. The upward 

trend in the etch data at higher fluences is again attributable to chromophore saturation, and 
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this trend is again matched by the theoretical curves. Thus saturation may occur even if 

finite chromophore excited-state lifetimes much shorter than the duration of the laser pulse 

are assumed. 

B. The Incubation Effect 

Another polymer which has been extensively used as a substrate in ultraviolet laser 

ablation studies is polymethylmethacrylate (PMMA, Plexiglas), which is widely used as a 

photoresist and packaging material in the electronics industry. The methyl methacrylate 

monomer is shown in Figure 1.12. PMMA has a relatively low small-signal absorption 

coefficient at ultraviolet excimer laser wavelengths, 108 cm-1 at 248 nm [10] as compared 

with -105 cm-1 for polyimide. Irradiation of this material with a single 15 nsec KrF laser 

pulse of fluence less than -2 J cm-2 does not cause etching of the substrate [10]. 

However, during the course of repetitive irradiation of PMMA with KrF laser pulses of 

fluence 0.5-2.0 J cm-2 eventual onset of the ablation process is observed. The number of 

laser shots required to initiate ablation varies inversely with the fluence per pulse. In a 

separate experiment, transmission studies of KrF excimer laser pulses through thin PMMA 

films indicate an increase in the absorption of the material during laser irradiation [10]. 

Thus the cumulative deposition of ultraviolet laser energy in PMMA must lead to long-lived 

changes in the optical properties of the material, so that following irradiation with a series 

of moderate fluence laser pulses sufficient energy from one pulse is deposited to cause 

ablation. 

This effect is treated theoretically as follows. As shown diagrammatically in Figure 

1.13, chromophores in the PMMA are initially all in the ground state (0). Irradiation of the 

material leads to the promotion of some chromophores to the first excited state (1) through 

single-photon absorption with a cross-section cr1. State 1 is long-lived relative to the time 



CH3 
I 

-C CH2-

C~ 
0 
I 
CH3 

40 

Figure 1.12. The methyl methacrylate monomer found in PMMA. The monomer 

contains 15 atoms and has a molecular weight of 100 amu. The monomer density in the 

solid is approximately 7 .1•1021 cm-3. The C=O bond (circled) represents the only likely 

chromophoric feature for single-photon absorption of KrF excimer laser light at 248 nm. 
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between repetitive laser pulses (typically -10 msec or greater), so that significant decay of 

chromophores back to the ground state during the ablation experiment does not occur. The 

transition from State 0 to State 1 may correspond to a chemical reaction, an essentially 

permanent alteration of the solid. During each pulse the density of chromophores in the 

ground state, po(x,t), changes as: 

dp 0(x,t) 
dt =- cr 1 p 0(x,t) l(x,t) . 

(40) 

State 1 is also absorbing, and single-photon absorption (with a cross-section cr2) can 

promote a chromophore to State 2. This second excited state may have a finite lifetime 't, 

so that the temporal evolution of the population densities in States 1 and 2 during a laser 

pulse are given by: 

(41) 

and: 

(42) 

Prior to the first laser pulse the chromophore density in the ground state is at all depths 

in the substrate equal to po. At the start of each subsequent pulse po(x,O) will have a 

diminishing value, while PI (x,O) will rise. The sum of po(x,O) and PI (x,O) must equal Po· 

The absorption cross-section cr2 is significantly larger than cr1, so that absorption of 

photons by chromophores in the ground state lead to changes in the optical properties of the 

material. Such multiple chromophore level absorption schemes have been documented for 

various organic compounds used as saturable absorbers in laser pulse shortening 

experiments, acridine for example [28]. For chromophores in the first excited state, the 
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Figure 1.13. Theoretical model to account for the incubation effect seen with PMMA 

ablation. A chromophore initially in the ground state (0) may be excited to the first excited 

state ( 1) by absorption of a single photon from the laser pulse. The cross-section for this 

event is <>1. Absorption of an additional photon can occur, with a cross-section <>2, 

causing promotion of the chromophore to the second excited state (2). State 2 may have a 

finite lifetime, 't. 
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model treatment is exactly the same as that shown in Figure 1.8. Absorption of laser light 

by chromophores in State 1 can lead to ablation, and the rate of accumulation of this light 

energy in the material is expressed as: 

aE(x,t) 
at = cr2p l(x,t) I(x,t)' 

(43) 

where E(x,t) again represents the deposited energy per volume, and ablation will occur 

when E exceeds a threshold value Ec. Since both the ground and first excited state are 

absorbing, the spatial attenuation of the photon flux I(x,t) in an incident laser pulse is now 

given by: 
ai(x,t) (I ) ax =- ~ 1 p 0(x,t) + cr2 p 1(x,t) I(x,t) . 

(44) 

An alternative absorption scheme which may also explain the incubation effect is shown 

in Figure 1.14. Here the first excited state has a finite lifetime 't', and decays through a 

radiationless transition a new excited state ( 1 '). Chromophores in State 1' have an 

absorption cross-section much larger than that for ground-state chromophores, so that 

incubation again leads to an enhancement of the absorption process. If 't' is short 

compared to the laser pulse duration ( ~ 100 psec or less), so that the decay of 

chromophores from State 1 to State 1' occurs much faster than the other events in the 

absorption process, the model in Figure 1.14 is entirely equivalent to that in Figure 1.13. 

It is possible to integrate Equations 40-44 numerically for a train of specified fluence 

excimer laser pulses using the approach shown in Figure 1.9. At the start of each pulse the 

densities of ground state chromophores at each incremental depth in the substrate, po(x,O), 

are each set equal to their value at the end of the preceding pulse. Similarly, values for 

PI (x,O) found by subtracting Po(x,O) from po. In this fashion, the population densities for 

the various chromophore states at each incremental depth in the material can be followed 



44 

2 

1 ' 

1 

0 

Figure 1.14. Alternative absorption model for the incubation of PMMA with UV laser 

light. A chromophore initially in the ground state (0) may be excited to the first excited 

state ( 1 ') by absorption of a single photon from the laser pulse. Through a radiationless 

transition State 1' decays to a second excited state (1). The lifetime for this decay is t'. 

Absorption of laser light by chromophores in State 1 leads to ablation. 
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over a series of laser pulses, and the number of shots required before the ablation condition 

is met (E > Ec) can be calculated. 

The measured number of KrF excimer laser pulses of specified fluence required to 

initiate the ablation process in PMMA are shown as the discrete points in Figure 1.15 [10]. 

The theoretical result from the three-level absorption scheme is represented by the 

continuous curve in the figure, with the equation constants listed in the figure caption. The 

model calculation closely follows the observed required number of incubation shots over 

the entire range of tested fluences. The density of methylmethacrylate monomers in the 

Plexiglas material is 7 .1•1 021 cm-3, based on its density and molecular composition. An 

examination of the structure of methyl methacrylate, shown in Figure 1.12, reveals the 

single CO double bond to be the only likely chromophore for single-photon absorption at 

248 nm. Thus the chromophore density used in the calculation (Po) should correspond to 

one chromophore per MMA monomer, as it does. The value for a1 is fixed at 1.5•10-2° 

cm2 so that the implied absorption coefficient (p0 a 1 = 107 cm-1) is in agreement with the 

measured small signal value at 248 nm (108 cm-1 [10]). The buildup in excited-state 

chromophores in the substrate due to incubation with 2.0 1 cm-1 pulses is shown in Figure 

1.16. 

The value of Ec equal to 1500 1 cm-3 is found empirically in matching the theoretical 

incubation curve to the experimental data in Figure 1.15. Due to the incubation process, a 

value for Ec cannot be calculated directly from the threshold fluence and measured small

signal absorption coefficient. However, this value of Ec is reasonable given several 

experimental facts about the polymer. The dissociation energy for the weakest bond in the 

PMMA backbone chain is 259 k1 per mole of the monomer [27], which corresponds to 

approximately 3000 1 cm-3 in the solid. Therefore at the ablation threshold enough laser 

energy is deposited in the solid to cleave on average every other monomer-linking bond. 
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Figure 1.15. The relationship between the number of incubation KrF excimer laser 

shots required to initiate the ablation of PMMA and the fluence per pulse. The discrete 

points represent experimental data taken from Reference 10. The continuous curve 

indicates the calculated result with the absorption model of Figure 1.13, with the equation 

constants: p0 = 7.1•1021 cm-3, a 1 = 1.5•10-20 cm2, a2 = 1.0•10-18 cm2, 't = 1.0•10-9 sec, 

and Ec = 1500 J•cm-3. 
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Figure 1.16. Calculated profile of p 1 versus depth in PMMA following repetitive 

irradiation with KrF excimer laser pulses of fluence 2.0 J•cm-2, using the equation 

constants listed for Figure 1.15. The first three shots incubate the material by generating 

excited-state chromophores near the surface, progressively increasing the absorption 

coefficient in that region. On the fourth pulse sufficient energy was deposited in the 

substrate to cause ablation. 
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The products of nanosecond-pulse KrF excimer laser ablation have been examined by gas 

chromatography/mass spectroscopy techniques and are in fact predominantly low molecular 

weight PMMA fragments (average M.W. 2500 a.m.u. versus 800,000 a.m.u. for the intact 

solid), accompanied by smaller amounts of the MMA monomer and simple molecules such 

as carbon dioxide [6]. Thus during the ablation event most of the material is converted 

into small polymer fragments, which are ejected from the solid along with the expanding 

gas-phase products. Excimer laser etching does not represent complete depolymerization 

of the plastic, and this fact is reflected in the threshold deposited energy density. 

C. ThePlume 

Polyimide has a high single-photon absorption coefficient over the range of ultraviolet 

excimer laser wavelengths [9]. Therefore, irradiation of polyimide with nanosecond pulse 

width excimer lasers produces only a small amount of ablated material. Furthermore, the 

ablated material is converted primarily to low molecular weight fragments with small cross

sections for further light absorption [4]. Only in the high fluence regime, where plasma 

formation is likely, does significant attenuation of the laser light in the ablation plume above 

the sample surface occur. With femtosecond laser ablation of Teflon, plume formation 

occurs only after complete absorption of the laser pulse, so again significant plume 

shielding of the light energy does not occur. In contrast, when the single-photon 

coefficient of the ablation substrate is small, as is the case for PMMA ablation by a 

nanosecond pulse KrF excimer laser, significant amounts of large degradation products 

which have sizable cross-sections for single-photon absorption are generated during the 

ablation pulse and have been observed using mass spectroscopic techniques [6]. In 

addition, scattering of laser light out of the path leading to the substrate target may become 

significant with a large volume of sizable ablation products. Marked attenuation of 
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ultraviolet laser light by the PMMA ablation plume has in fact been observed using 

pump/probe experimental techniques [10]. 

Figure 1.17 shows the experimental etch data for PMMA ablation with 15 nanosecond 

pulse KrF excimer laser light [10]. Note that the etch depth per pulse initially increases 

rapidly with fluence to greater than 2.5 ~m per pulse at -3 J cm-2 pulse fluence, and 

becomes essentially constant at fluences above that. The finely dashed line in the figure 

represents the calculated ablation behavior using Equations 40-44 (which allow for 

incubation of the material) and the equation constants listed in the first column of Table 1.2. 

The model prediction is in excellent agreement with the measured results, but only for low 

fluences. In the high fluence region a significant fraction of the laser pulse energy is not 

reaching the intact substrate. 

In the numerical treatment of PMMA ablation, the entire laser pulse is propagated 

through successive infinitesimal layers of the substrate material, in the fashion depicted in 

Figure 1.9. As the pulse passes through a given layer, enhanced attenuation due to plume 

effects should become a factor only after the the layer is ablated and the substrate material in 

that layer becomes part of the plume. Equation 44 is amended as follows to allow for this: 

ai(x,t) ( ) ax =- a 1 p 0(x,t) + a 2 p 1 (x,t) + E>(E- E c) asp 5(x,t) l(x,t) . 
(45) 

The third term in the parentheses represents plume attenuation. E>(E - Ec) is the step 

function, so that this expression is nonzero only after the deposited energy density exceeds 

the ablation threshold value. The cross-section a 5 indicates the likelihood of enhanced 

absorption and/or scattering of laser light by elements in the plume, and the density of these 

plume elements within the incremental volume is given by Ps· 

This technique represents an extension of the one dimensional modelling approach. 

Lateral movement of ablation products out of the beam path during the explosive plume 
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Figure 1.17. KrF excimer laser ablation of PMMA. The discrete points represent 

experimental etch data taken from Reference 10. Also shown are theoretical curves using 

the absorption model in Figure 1.13 with no plume effect(- - -), Ps constant(---), and 

with Ps evolving according to Equation 46 (continuous curve). Values used for the 

physical parameters are listed in Table 1.2. 
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formation is not considered. In a recent study ultrafast imaging technique were used to 

visualize the ablation of PMMA under 20 nanosecond pulse KrF excimer laser irradiation 

[29]. The results showed that 60 nsec after onset of laser irradiation the plume is just 

visible as a uniform thin layer rising above the target surface, with the same diameter as the 

"'1 mm diameter laser spot, and a maximum displacement in the beam path (along -x in the 

above equation) of approximately 100 J..Lm. Complex plume evolution, with significant 

lateral velocities was only observed microseconds into the ablation event. Thus during 

short 20 nanosecond pulse laser ablation, products move tens of microns or less and 

remain confined within the path of the incoming laser light. 

In Equation 45 Ps is given as a function of depth and time. Since the exact nature of the 

plume attenuation effect is not known, its evolution is subject to conjecture. Two different 

assumptions for Ps have been tested numerically against the experimental etch data. In the 

first, Ps is assumed to be a constant. Thus for a given incremental layer, as soon as the 

ablation threshold is reached, a certain number of attenuators are added to the ablation 

plume. The broadly dashed line in Figure 1.17 indicates the model result based on this 

approach which best agrees with the experimental etch data. The associated equation 

constants are listed in the second column of Table 1.2. The value for Ps is set equal to the 

monomer density in the solid, and <>sis found empirically. This theoretical result does not 

adequately explain the observed ablation behavior. 

In contrast, the solid curve in Figure 1.17 does accurately match the experimental etch 

depth/fluence relationship. This line represents the model result when Ps is set equal to the 

number of photons absorbed in the incremental layer once ablation is achieved: 

E(x,t)- Ec 
p s(x,t) = ----

hv (46) 
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Equation 46 is based on the assumption that these attenuators are formed as photons from 

the latter portion of the laser pulse are absorbed by ablation products in the plume. Thus Ps 

grows from zero, once the incremental layer is ablated, throughout the remainder of the 

pulse. The third column in Table 1.2 gives the physical constants used in generating this 

theoretical result. 

Table 1.2. Physical Parameter Values Used in Modelling PMMA Ablation 

Parameter ·No Plume Constant Ps Evolving Ps 

Po (cm-3) 7.1•1021 7.1•1021 7 .1•1021 

cr1 (cm2) 1.5•10-20 1.5•10-20 1.5•1 o-20 

cr2 (cm2) 1.0•10-18 1.0•10-18 1.0•10-18 

't (sec) 1.0•10-9 1.0•10-9 1.0•10-9 

Ec (J cm-3) 1500 1500 1500 

Ps (cm-3) 0 7.1•1021 Equation 46 

O"s (cm2) 0 1.0•10-18 1.4•10-17 

All three approaches used in modelling the ablation behavior of PMMA employ the 

same values for the physical constants of the solid material (the first five parameters listed 

in the table) as those used in describing the incubation effect in Figures 1.15 and 1.16. 

Therefore all three models of the ablation behavior predict the same incubation behavior of 

the substrate. A detailed account of the computer program used to model the incubation, 

ablation, and plume shielding for PMMA is given in Appendix D. 

Substrate incubation and plume attenuation are related effects. At fluences below the 

ablation threshold, absorption of ultraviolet light leads to the formation of chromophore 

states in the solid with a greater propensity for further light absorption. At higher fluences, 
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above the ablation threshold, this same process occurs for material launched in the ablation 

plume. Plume attenuation represents in part a continuation of the buildup of chromophore 

states shown in Figure 1.16. Thus, it is to be expected that both effects have been 

observed experimentally for PMMA ablation. 

IV. Application to a Biological Tissue: Corneal Ablation 

A. Overview 

Excimer lasers are expected to have important application in a variety of medical 

disciplines because this ablation effect allows discrete removal of targeted material with 

virtually no thermal damage to the adjacent remaining bulk. In ophthalmology, excimer 

laser photoablation is being investigated as a means of reshaping the cornea [30-32]. 

Since the rounded corneal surface is the major focusing element in the eye, selectively 

altering its curvature would be an effective means of directly correcting a variety of vision 

defects, thus reducing the need for corrective eyewear. ArF excimer laser light has in fact 

been shown to produce well-defined corneal etch craters with a very minimal zone of 

damage in the residual tissue [30-32], an acceptable result for a clinical procedure. 

B. Chromophore Analysis 

To apply the theoretical description to the ablation of a biological substrate, the likely 

chromophores in the tissue have to be determined, as well as their approximate density and 

cross-section for light absorption at the laser wavelength. For the cornea, the best 

experimental ablation results are achieved when an ArF excimer laser (193 nm) is used 

[31,32]. The major component of cornea is water (70-75% ), which has very little 

absorption at 193 nm. Protein, predominantly in the form of large collagen fibrils, 
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comprises 20% of the tissue [33], with trace amounts of polysaccharides, lipids, and 

nucleic acids also present. Since chromophores must be present to some abundance for 

ablation to occur, collagen is the likely laser-absorbing agent in this tissue. 

Collagen is a fibrinous protein consisting of three long polypeptide chains wrapped in a 

helical configuration. To allow this structure, the collagen molecule is comprised mostly of 

small amino acids such as glycine, proline, and hydroxyproline [33]. These simple 

molecules do not contain chromophoric features which would cause significant absorption 

at 193 nm. However, the peptide bond linking adjacent amino acids in the peptide chains is 

known to absorb significantly at UV wavelengths [34]. This molecular feature is shown 

in Figure 1.18. Based on histologic studies of corneal tissue [33], the density of these 

bonds in the intact material can be determined to be on the order of 1 1021 cm-3. Based on 

spectroscopic measurements of isolated intact collagen [34], the absorption cross-section 

for the peptide bond can be estimated as (4+1) 10-18 cm2. Multiplying the bond density by 

the cross-section gives an implied absorption coefficient between 3000-5000 cm-1, which 

compares favorably to the reported value for cornea of 2700 cm-1 [32]. 

C. Tissue Water 

While the water component of the tissue plays little role in absorbing laser light, it 

obviously is removed along with the protein and other organic constituents during the 

ablation process. The question then arises as to what exactly happens to the water within 

the ablation volume. 

The simplest approach would be to assume that the water component is truly vaporized 

by the laser pulse, with the energy required to vaporize water initially at 30°C being about 

2500 J cm-3. This idea can be refuted by two experimental observations. First, significant 

ablation of the cornea begins at about 0.2 J cm-2 incident laser fluence [32]. Since Foa is 
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Amino Acid M Amino Acid M+ 1 

Figure 1.18. The peptide bond, which links adjacent amino acids in the collagen 

molecule. Since the prevalent amino acids in the collagen molecule contain few aromatic 

rings or other UV chromophoric features, this bond, which is known to absorb strongly at 

-200 nm, is the most likely chromophore for ArF excimer laser light. 
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an upper limit for the deposited energy density at the material surface, direct water 

vaporization would require an absorption coefficient of 12,500 cm-1, which is more than 4 

times higher than the measured value. Second, the observed damage zone following 

corneal ablation at 193 nm is measured to be about 0.2 Jlm [32]. Significant collagen 

denaturation or coagulation will readily occur in an aqueous environment of 70°C or more. 

This corresponds to a deposited energy density of about 170 J cm-3. Starting from an 

ablation threshold value of 2500 J cm-3, even assuming a best case exponential decay with 

a equal to 12500 cm-1, the expected damage zone would extend more than 2.0 Jlm. Thus 

conventional vaporization of the water component by heating probably does not occur. 

Alternatively, water could merely be ejected along with the products of direct protein 

ablation. The energy required to accelerate a water layer to a velocity as great as 103 m s-1 

(a measured ejection speed for products of polymer ablation [17]) is only 500 J cm-3. In 

this picture Ec would correspond to the deposited energy density required to ablate the 

collagen component. Kinetic energy would be imparted to the water molecules by the 

rapidly expanding cloud of small protein fragments. Mass-spectroscopic analysis of 

corneal ablation products does in fact reveal an abundance of such small organic molecules 

[35]. Thus heating of water within the etch layer would not be essential for ablative 

removal. 

D. Model Results 

Which theoretical picture to use in modelling corneal ablation can be determined by 

examining experimental observations. Figure 1.19 shows reported results for corneal 

etching using a 15 nsec pulse ArF excimer laser [32]. Given the nanosecond pulse length 

and the finding of effective ablation using only modest fluences (200-800 mJ cm-2), a 

multiphoton absorption process is not likely. Since the measured absorption coefficient is 
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Figure 1.19. Comparison of model calculation with experimental data for excimer laser 

ablation of cornea. Discrete points represent experimental values taken from Ref. 32. 

Continuous curve represents the model result for the parameter values: p0 = 1.0•1021 cm-3, 

cr1 = 2.9•10-18 cm2, Ps = 3.7•1022 cm-3, cr1p = 4.1•10-19 cm2, 't = 10-9 sec, and Ec = 600 

J•cm-3. Broken curves indicate model results when plume scattering is neglected (see text). 
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substantial (2700 cm-1) and no incubation process has been reported for corneal ablation, 

the three-level absorption scheme is also inappropriate. However, the observed etch 

behavior shows similarities to that seen for PMMA ablation with nanosecond pulses at 248 

nm. Namely, above threshold the ablation depth initially rises rapidly with increasing 

fluence to greater than 1 ~m per pulse, and then becomes essentially constant at higher 

fluences. These findings suggest a plume shielding effect is present in corneal ablation, 

and one probable contributor to this effect is the water component of the tissue. Once it is 

launched into the ablation plume the water constituent no longer remains a uniform layer 

transparent for the laser pulse. Laser light scattering by droplets in the plume, as well as 

possibly enhanced absorption by the protein ablation products, can occur to a significant 

degree. Therefore, although the single-photon model is the most applicable absorption 

scheme for cornea, it must be in a modified form to incorporate shielding by the ablation 

plume. 

Equation 4 can be augmented by the same plume attenuation term added in Equation 45: 

dl(x,t) { ) ax =- a 1 p 0(x,t) + 8(E- E c) asp 5(x,t) l(x,t) . 
(47) 

This expression can be used in conjunction with Equations 35 and 37 to calculate an etch 

depth versus fluence relationship for cornea. 

The solid line in Figure 1.19 represents the model result using Equations 35, 37 and 

47, with the parameter values indicated in the caption. The density of scattering particles is 

set equal to the density of water molecules in the intact tissue, based on a tissue density of 1 

g cm-3 and a 75% water mass fraction. The physical constants used imply an absorption 

coefficient in cornea of 2900 cm-1, in excellent agreement with both the measured value for 

cornea of 2700 cm-1 and the calculated value of 3000-5000 cm-1 based on collagen 

spectroscopy. 
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Light Source 

Figure 2.1. The experimental apparatus. Laser light was delivered to the clot by means 

of a 1 mm quartz optical fiber. The fiber output tip was made spherical so that mechanical 

abrasion to the vessel wall would be minimized. The transillumination stage allowed direct 

visualization of the ablative degradation of the thrombus within the artery. 
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E. Electron Microscopic Examination 

Immediately following laser exposure, all arterial segments were placed in a solution of 

glutaraldehyde (2.5% vol/vol) and paraformaldehyde (2% wt/vol), buffered to pH 7.4 with 

0.1 M cacodylate, at room temperature for 2 hours. Specimens were then washed and 

stored in 10% sucrose (wt/vol) buffered to pH 7.4 with 0.1 M cacodylate at 4° C. Post

fixation, done in 1% osmium tetroxide (wt/vol) in 0.1 M cacodylate buffer, consisted of 

dehydration through a graded series of acetone solutions, desiccation by critical point 

drying, and then sputter-coating with gold and palladium. Samples were examined in a 

Jeol100 C electron microscope. 

Scanning electron microscopy (SEM) was utilized to assess the integrity of the 

endothelium after laser ablation of resident thrombi. Survey scans were taken along the 

entire surface of each sample looking for sites indicative of endothelial damage secondary 

to laser thrombolysis. SEM was also used to appraise the arterial craters produced in the 

deliberate wall exposure experiments. 

F. Analysis of Ablation Products 

The ablation of thrombus resulted a large amount of small particulate debris. To 

examine this residue, a drop of the saline bath containing debris in suspensiOn was 

transferred to a glass slide for light microscopy. 

In addition to particulate ablation products small gas bubbles were observed to form 

during the laser procedure. In order to quantify the rate of gas phase product generation the 

laser/fiber apparatus was used to ablate large samples of clotted canine blood submerged in 

saline. An inverted funnel (with a silicone septum at the apex) also submerged in the saline 

bath was used to collect the gas bubbles formed during ablation. After sufficient time the 
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ablation was terminated and the trapped gas was withdrawn into a l cc syringe to measure 

the total volume generated. 

III. Results 

A. Thrombus Ablation in Arteries 

Preliminary experiments indicated that a regimen of 5 mJ laser pulses at 20 Hz for 9 

minutes should be sufficient to completely remove the occlusive thrombus. An initial series 

of 5 thrombosed arteries was subjected to this ablation protocol. During ablation of the 

clots an audible popping sound accompanied each laser pulse and a stream of small 

thrombus fragments was observed exiting the opened arterial end along with occasional 

small bubbles. Whenever the fiber tip was not in good contact with the residual thrombus 

the popping sound was not apparent and a striking pattern of bluish fluorescence could be 

seen emanating from the surrounding arterial wall. Examining the opened arterial lumens 

after fixation revealed that each thrombus had been completely removed by the laser 

procedure. 

Once the initial protocol was shown to be effective, two more aggressive protocols 

were tried. First, the pulse repetition rate was increased to 40Hz and the exposure time 

halved to 4.5 minutes, with the pulse energy kept at 5 mJ. Five occluded arteries were 

successfully recanalized under these conditions. Second, the pulse energy was increased to 

7.5 mJ at repetition rate of 20Hz., and 5 clots were each irradiated until no residue could 

be seen under transillumination. Under the high pulse energy conditions, three minutes of 

exposure were enough to eradicate each of 5 thrombi, as confirmed by subsequent luminal 

examination. 
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Visual inspection of each artery after fixation revealed no perforation of the vessels or 

gross injury to the luminal wall tissue. Subsequent SEM examination also showed little 

evidence of wall damage. Figure 2.2 is a representative SEM from one of these 

experimental segments, showing an intact endothelial surface. A higher magnification of 

the central field field is shown in Figure 2.3 Note the normal appearance of the surface of 

the cells. As a comparison, Figure 2.4 shows a control arterial surface fixed in the san1e 

manner but not subjected to laser irradiation. Also note in the experimental sample the 

absence of significant residual thrombus following laser thrombolysis. 

The only finding of endothelial damage, transverse tearing in one sample subjected to the 

initial protocol (5 mJ x 20 Hz x 9 min.), is shown in Figure 2.5 These tears, running 

perpendicular to the cylindrical axis of the artery, appeared to be a separation between 

individual surface cells. The separations did not extend around the complete circumference 

of the lumen, but rather were confined to the site shown here. Similar tearing was not seen 

at other sites along this artery or on any other sample. 

In contrast, deliberate delivery of laser energy directly to the arterial wall produced a 

significant damage crater, as displayed in Figure 2.6. Here the regimen of 5 mJ pulses at 

20Hz for 9 min. was used to completely perforate the arterial wall. The resultant hole is 

roughly the same diameter as the delivery optical fiber. The oval shape is due to a 

nonperpendicular orientation of the fiber relative to the sample. Note the very thin zone of 

damaged cells surrounding the ablation crater. Only a few microns away from the crater 

rim the endothelial cells appear to be normal. This clearly illustrates both the highly 

directional light delivery of the optical fiber and the unique nature of the ultraviolet ablation 

process. 

By repeating the deliberate wall irradiation study with progressively reduced exposure 

times it was possible to determine the approximate number of pulses necessary just to 
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Figure 2.2. Low magnification scanning electron micrograph showing the endothelial 

surface of an arterial segment after removal of a luminal clot by excimer laser irradiation. 

( 1 OOx original maginfication) 
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Figure 2.3. High magnification of the central portion of the SEM in Figure 2.2. The 

individual endothelial cells are intact and are relatively normal in appearance. ( 1820x 

original magnification) 
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The broadly dashed line in Figure 1.19 represents the model curve using the same 

parameter values listed in the caption but neglecting the shielding effect. It is possible to 

approximate the experimental data with a model result neglecting plume attenuation. 

However, doing so requires model parameters which give an absorption coefficient of 

10,000 cm-1 and a ablation threshold deposited energy per volume of 1500 J cm-3. While 

this value for Ec is not implausible, an a almost 4 times the measured value is unacceptably 

high. Therefore, in modelling corneal ablation, plume attenuation plays an important role. 

V. Summary 

Using relatively simple mathematical expressions it is possible to accurately describe 

the radiation transport of intense ultraviolet excimer laser pulses in absorbing organic 

materials, and to account for the effects of chromophore saturation, multiphoton 

absorption, photochemical substrate alteration, and plume shielding. Chromophore 

saturation leads to enhanced ablation of the targeted material by allowing a greater fraction 

of the incident laser pulse to pass deeper into the substrate. Multiphoton absorption 

becomes important with very high photon fluxes striking a material with a small measured 

absorption coefficient, and facilitates ablation of the substrate by causing sufficient energy 

deposition within a small volume near the surface. Photochemical alteration of a weakly

absorbing substrate by repetitive laser irradiation can lead to a progressive lowering of the 

ablation threshold through the formation of new chromophores with large cross-sections 

for light absorption, i.e. a gradual increase in the absorption coefficient. Finally, the 

ablation plume which forms during the ablation pulse may contain substrate degradation 

products which can strongly absorb or scatter the latter portion of the incident laser pulse. 

This effectively shields the target from some of the laser pulse energy and impairs the 
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ablation process. By determining which of these effects are present in a given ablation 

experiment it is possible to explain the observed excimer laser ablation behavior for a wide 

variety of synthetic materials as well as corneal tissue. 



61 

REFERENCES 

1. Y. Kawamura, K. Toyoda, and S. Namba, "Effective deep ultraviolet photoetching of 

polymethyl methacrylate by an excimer laser," Appl. Phys. Lett., vol. 40, pp. 374-

375, 1982. 

2. R. Srinivasan and V. Mayne-Banton, "Self-developing photoetching of poly( ethylene 

terephthalate) films by far-ultraviolet excimer laser radiation," Appl. Phys. Lett., vol. 

41, pp. 576-578, 1982. 

3. R. Srinivasan, "Ablation of polymers and biological tissue by ultraviolet lasers," 

Science, vol. 234, pp. 559-565, 1986. 

4. J.H. Brannon, J.R. Lankard, A.I. Baise, F. Burns, and J. Kaufman, "Excimer laser 

etching of polyimide," J. Appl. Phys., vol.58, pp. 2036-2043, 1985. 

5. G. Gorodetsky, T.G. Kazyaka, R.L. Melcher, and R. Srinivasan, "Calorimetric and 

acoustic study of ultraviolet laser ablation of polymers," Appl. Phys. Lett., vol. 46, 

pp. 828-830, 1985. 

6. R. Srinivasan, B. Braren, D.E. Seeger, and R.W. Dreyfus, "Photochemical cleavage 

of a polymeric solid," Macromolecules, vol. 19, pp. 916-921, 1986. 

7. R. Srinivasan, B. Braren, and R.W. Dreyfus, "Ultraviolet laser ablation of polyimide 

films," J. Appl. Phys., vol. 61, pp. 372-376, 1987. 



77 
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either the thrombus induction protocol or laser irradiation. The morphologic pattern is very 

similar to that displayed in the experimental samples (Figure 2.3). (380x original 

magnification) 
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ablate through the endothelial surface layer. Three hundred pulses (15 seconds of 

exposure) were sufficient to accomplish this, as evidenced by the SEM in Figure 2.7. This 

transverse section through the ablation crater shows that the endothelium within the 

irradiated spot has been completely removed and the subendothelial structures are exposed. 

The ablation crater floor shows an abundance of fibrillar structures which are thought to be 

collagenous remnants of the stromal network [12]. 

B . Thrombus Ablation Products 

Using the gas displacement technique described above, the rate of gas bubble formation 

during clot ablation was measured to be less than 0.1 !J-l per joule of delivered laser energy. 

Figure 2.8 shows a microscopic view of the particulate thrombus debris. Excimer laser 

clot ablation produced a large number of free red blood cells and many small fibrinous clot 

fragments similar to that shown. Occasionally, larger clot fragments (less than 1 mm 

greatest diameter) were found along with the smaller particles. There was no apparent 

variation in the nature of the thrombus debris with the different laser protocols. 

IV. Discussion 

Using each of the three laser exposure protocols, it was possible to effectively remove 

occlusive arterial thrombi. As indicated by the times for recannalization, an increase in 

either pulse repetition rate or pulse energy markedly reduced the thrombolysis time, with 

the latter appearing to have a greater effect. However, the exposure times reported for 

these experiments do not represent the minimum required for thrombolysis. During each 

ablation test the optical fiber probe was slowly advanced through the lumen only after 

transillumination revealed obvious erosion of the clot. This was done to insure that 
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Chapter 2 

Excimer Laser Thrombolysis 
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I. Introduction 

Obstructive thrombus formation within a blood vessel can lead to a variety of severe 

pathologic states. In particular, clot formation in a coronary artery narrowed by 

atherosclerotic plaque is the most likely precipitating event for transmural myocardial 

infarction [1, 2]. Pharmacologic thrombolytic therapy has recently been introduced as an 

acute treatment for myocardial infarction victims and has been shown to result in improved 

mortality and left ventricular function in clinical trials [3, 4]. However, a number of 

major problems still limit phannacologic thrombolysis. Although arteries are opened in 60-

80% of patients, a significant number of these are not reperfused [5]. Further, early 

thrombotic reocclusion occurs in 11-45% of patients [6]. In addition, studies on 

rethrombosis suggest that the presence of residual thrombus following pharmacologic 

thrombolysis is associated with a high rate of reocclusion [7]. Using quantitative 

angiography, Brown et al have reported that approximately half of the residual stenosis 

observed at the end of thrombolytic therapy was due to residual thrombus [8]. Thus 

pharmacologic thrombolysis presently has a limited success rate and an alternative method 

for clot removal may have clinical utility. 

Several studies have reported success using visible laser systems to ablate vascular 

clots in vitro [9, 10]. In particular, in a recent study large venous thrombi were removed 

using a visible pulsed dye laser [11]. That study indicated that it was possible to ablate 

clots with pulse energies below the threshold for apparent wall damage. This is important 

because the thrombogenicity of ordinary arterial wall is greatly enhanced by direct laser 

damage [12]. The thin endothelial cell layer lining normal arteries provides significant 

natural protection against clot formation, while exposed collagenous subendothelium is 

highly thrombogenic. Any procedure to remove blood clots should itself be minimally 

thrombogenic, and therefore should be atraumatic to the arterial wall. 
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During thrombectomy it may also be beneficial to remove some atheromatous tissue 

along with the clot to provide a large, smooth arterial lumen with reduced potential for 

reocclusion. Various laser systems are currently being evaluated for this purpose, and 

laser-based angioplasty procedures have been successfully tested in many peripheral 

arteries in vivo [13]. Because of the precise nature of UV laser ablation , as discussed in 

Chapter 1, the ultraviolet excimer laser is an considered a particularly attractive candidate to 

perform the arterial recanalization [14]. 

This chapter reports a study of the feasibility of using excimer laser light to remove 

occlusive arterial thrombi. Particular attention was given to the effect of the clot removal 

process on the nearby arterial endothelium. While direct laser damage to the artery during 

thrombolysis can be minimized by the careful targeting of ablation energy through highly 

directional optical fibers, some irradiation of the endothelial surface by stray or scattered 

laser light is unavoidable. In addition there is the possibility of acoustic damage to the 

artery wall arising from the adjacent clot ablation. In this investigation the delivered laser 

pulse energy was kept relatively low (less than 10 mJ) to minimize the possibility of such 

incidental wall injury. After each ablation experiment the luminal vessel surface was 

examined using an electron microscope to identify possible endothelial damage near the site 

of the thrombolysis procedure. 

II. Materials and Methods 

A. Production of Coronary Thrombi 

Coronary arterial thrombus formation zn vtvo was accomplished by the method 

described in Ref 15. Direct electric current (1.5 J.LA, 9 V) was applied via needle electrode 

to the lumen of the circumflex coronary artery (typically 2-3 mm in diameter) of an 
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anesthetized dog. Blood flow through the vessel was monitored by a doppler flow probe 

placed distal to the site of clot formation. Current application was discontinued when 50% 

of the arterial lumen (cross-sectional area) was occluded. The remaining vessel lumen was 

occluded by spontaneous extension of the thrombus. Typical thrombi produced in this 

fashion weigh 27 + 7 mg, and when examined by light and electron microscopy closely 

resemble human post mortem coronary thrombi in terms of platelet and fibrin composition. 

After complete occlusion, the circumflex artery was ligated both proximally and distally 

to the formed thrombus, the needle electrode was removed, and the arterial segment 

containing the clot was excised and placed in cold isotonic saline. A total of 15 arterial 

samples with thrombi were produced. Control vessel segments containing no thrombi 

were also excised for laser exposure studies. 

B. Laser Delivery 

A commercial excimer laser was operated with a xenon fluoride gas mixture to produce 

15 nsec pulses of 351 nm light. The laser energy was coupled into a 1 mm diameter UV

grade quartz optical fiber (800 rnrn core, Diaguide) for delivery to the clot within the arterial 

lumen. The output end of the fiber was previously heated briefly with an acetylene torch to 

form a spherical tip. This rounded end was used to avoid mechanical abrasion of the 

arterial endothelium, and to take advantage of any focussing provided. The pulse energy 

delivered through the fiber was measured with a Gentec energy meter. 

C. Ablation of the Thrombi 

Each arterial segment containing a thrombus was submerged in a petri dish containing 

isotonic saline and the proximal suture was removed to allow luminal access. The dish was 

placed atop a transillumination stage so that the clot could be visualized within the vessel. 
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The delivery fiber was inserted until the tip was just in contact with the clot and the laser 

was activated. The experimental apparatus is shown in Figure 2.1. As the ablation 

progressed, the fiber was carefully advanced so that the tip continually remained in near 

contact with the residual thrombus surface without mechanically disturbing it. Arterial clots 

were ablated under three sets of experimental conditions as summarized in the table below. 

Following laser thrombolysis the vessel segments were cut open lengthwise to reveal the 

wall endothelium, pinned flat on squares of dental wax, and transferred to vials containing 

glutaraldehyde fixative solution. 

Number of Samples 

5 

5 

4 

Table 2.1. Arterial Clot Ablation Experiments 

Laser Pulse Energy 

5mJ 

5mJ 

7.5 mJ 

Repetition Rate 

20Hz 

40Hz 

20Hz 

D. Deliberate Wall Damage Studies 

Exposure Time 

9min 

4.5 min 

3 min 

Normal arterial segments (controls) were used to determine the effect on the wall of 

direct laser exposure of similar pulse energy to that used for thrombus ablation. Lengths of 

arteries containing no thrombi were opened lengthwise, pinned flat on squares of dental 

wax, and submerged in isotonic saline. The laser delivery fiber was positioned 

perpendicular to the wall with the fiber output tip just in contact with the endothelial 

surface. Each sample was then ablated with 5 mJ energy pulses at a rate of 20 Hz for 

variable exposure times. These samples were then fixed in glutaraldehyde as above. 
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degradation of the clots was caused by laser energy rather than simple mechanical 

fragmentation by the fiber tip. The minimum time needed to convert a clot mass into small 

debris by laser irradiation may be considerably less. 

Thus, this study indicates that, under controlled conditions, it is possible to remove 

occlusive arterial thrombi with excimer laser light without damaging adjacent wall structure. 

It should be pointed out that these clot ablation experiments were conducted on relatively 

straight segments of arteries in vitro. The large diameter of the delivery fiber relative to that 

of the artery assured that the focal spot of laser light would be confined to the central part of 

the vessel lumen and direct laser irradiation of the arterial wall would be minimal. Under 

more complex in vivo conditions significant wall damage could occur. As shown in Figure 

2.6, the excimer pulse energies used to remove the thrombi were sufficient to ablate arterial 

tissue under direct exposure. A site analogous to the one shown in Figure 2.7, with 

endothelium removed and an extensive network of collagen fibrils exposed to the lumen, 

would be highly thrombogenic in vivo, and should be avoided in a clinical procedure. 

A recent study indicates that a visible wavelength dye laser could be used to effectively 

ablate clots at laser fluences below the threshold for vessel wall damage, due to the 

selective absorption of the laser light by thrombi [11]. This preferential ablation would be 

especially beneficial when ablating a clot within a tortuous artery, where avoidance of direct 

wall irradiation may be more difficult. At the fluences used in this study, the ultraviolet 

excimer laser did not offer such selectivity. However, the wavelength region for higher 

light absorption by thrombus versus vessel wall extends into the ultraviolet, as reported 

also in Ref. 8. Therefore it may be possible to reduce the risk of excimer laser wall damage 

during thrombolysis while still effectively removing the clot by reducing the delivered pulse 

energy. 
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In addition, it may be desirable to reduce the risk of wall damage through incorporation 

of some diagnostic aid into the procedure. In the past, tissue autofluorescence analysis 

incorporating excimer laser light has been successfully used to characterize arterial tissue 

[16, 17]. Similar spectral analysis could easily be used to distinguish wall from clot. 

During the clot lysis experiments thrombi were observed to be minimally fluorescent as 

compared to the wall, and this fact was supported by spectroscopic measurements on 

isolated clots. 

Alternatively, the acoustic signal produced during thrombus ablation might provide 

useful diagnostic information. The popping sound heard with clot laser dissolution was 

not readily apparent during ablation of the arterial wall, a contrast attributable to the higher 

absorption coefficient of the thrombus. 

The mechanism of laser thrombolysis is in all likelihood quite different from the well

studied ablation of hard polymers examined in Chapter 1 [18, 19]. As discussed, in the 

case of solid organic material the laser energy directly vaporizes a targeted volume of 

material, leaving the bulk intact. Such a process results in a large volume of gaseous 

products. In contrast, thrombus ablation produced only a small amount of gas bubbles and 

considerable particulate debris. For this semisolid material acoustic effects probably play a 

significant role. During the experiment, each laser pulse was accompanied by an audible 

popping sound. This can be attributed to the explosive expansion of the ablation products 

secondary to direct absorption of laser radiation. Each such explosion would be 

mechanically disruptive to adjacent clot material, fragmenting it into particulate debris. The 

particles produced in excimer laser thrombolysis appear small and fragile, and should not 

contribute to significant distal embolization. 
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V. Summary 

In conclusion, arterial thrombi can be lysed successfully in a reasonable period of time 

using ultraviolet excimer laser light. The pulse energies needed for rapid clot dissolution 

are still relatively small and conventional UV -grade optical fibers can be used as 

inexpensive and flexible delivery systems. While direct excimer laser irradiation of the 

arterial wall produces obvious histologic changes, ablation of a luminal clot appears to be 

minimally traumatic to the adjacent endothelium. Laser thrombolysis produces small 

particulate debris and a minute volume of gaseous products which are unlikely to produce 

deliterious downstream effects in clinical use. 
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I. Introduction 

Catheter-based laser vascular procedures such as those described in Chapter 2 require 

precise control of the ablation process so that the occluding lesion is targeted and removed 

without causing damage to the adjacent healthy wall tissue. Using tissue autofluorescence 

as a diagnostic aid in angioplasty was proposed by Kittrell et. al in 1985 [1]. Since then 

several studies have been reported using visible laser sources to obtain autofluorescence 

signatures from arterial tissue [2-7]. Spectral analysis of such signatures can yield much 

information about diseased arteries, including two-dimensional maps of the luminal surface 

delineating plaque regions [8]. 

Arterial wall autofluorescence can be utilized for purely diagnostic purposes with low 

excitation laser intensities. However, the ablation procedure for recannalization of 

occluded arteries requires a real-time feedback control mechanism to terminate the powerful 

ablation laser automatically before the structural integrity of the wall is compromised. As 

discussed in Chapter 1, pulsed ultraviolet laser light can be used to discretely remove 

targeted organic material with minimal ancillary thermal damage. For this reason, excimer 

lasers are considered promising candidates to perform the vessel recannalization in an 

angioplasty procedure [9,10]. Since the simplest clinical angioplasty system would 

employ a single laser both for diagnostic analysis and ablation, it is important to investigate 

whether the autofluorescence response elicited by ultraviolet sources can be used for 

diagnosis of atherosclerosis and automatic control of the ablation process. Therefore this 

study examines the possibility of using the ultraviolet excimer laser to evoke useful 

autofluorescence spectra. Fluorescence work utilizing ultraviolet sources has previously 

been reported [11-13]. Clarke et. al found little variation in autofluorescence spectra from 

diseased and healthy tissues excited by 351 nm light [13], while others did find consistent 



92 

differences in autofluorescence response using a variety of ultraviolet sources [11,12]. A 

reexamination of the 351 nm fluorescence response using a XeF excimer laser is presented 

here. 

This particular laser is chosen for several reasons. As with other UV excimer lasers, it 

results in the desirable ablative tissue removal described above. In contrast to excimer 

lasers operating further in the ultraviolet wavelength region, this source is believed to have 

minimum mutagenic potential [14,15]. Also, short, high energy pulses can be relatively 

easily transmitted through optical fibers. 

In this study the autofluorescence response of arterial wall is treated as a macroscopic 

property of the tissue. The wall tissue contains many different molecular species in a 

complex biologic environment, and the complete spectral response is due to the 

simultaneous photochemical action of many agents. Detailed analysis of this 

photochemistry has been shown to be useful in analyzing laser-induced tissue spectra 

[11]. However, much information can be gleaned using a macroscopic approach, as will 

be shown. 

II. Experimental Setup and Procedure 

The experimental apparatus was designed to mimic an in vivo clinical system. A single 

fiber autofluorescence excitation and collection system is shown in Figure 3.1. An XeF 

excimer laser (351 nm wavelength) was used as the excitation light source. The laser 

delivered 50 mJ pulses of energy at a repetition rate of 10 Hz. For simple tissue 

fluorescence measurements the laser pulse energy was attenuated so that the value delivered 

to the tissue was approximately 0.01 mJ. For experiments involving laser ablation of 

tissue, higher delivered pulse energies were needed (5-15 mJ) and the attenuator was 
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Figure 3.1. The single-fiber experimental setup. The quartz flat serves as a 

beamsplitter. Most of the laser light passes through this window and is coupled into an 

optical fiber for delivery to the arterial sample. The resultant tissue autofluorescence 

response is collected by the same fiber and sent back to the beamsplitter, where a fraction is 

reflected off the quartz surface into a second fiber leading to the spectrometer. 
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removed. The laser light passed through a quartz flat and was coupled by a lens into an 

optical fiber leading to the tissue sample. The arterial sample was pinned flat and 

positioned so that the fiber tip was approximately 2 mm above the sample and aimed at 

some site of interest on the endothelial surface. The tissue fluorescence generated by the 

ultraviolet laser pulse was collected by the same fiber and transmitted back to the quartz 

flat, which served as a beamsplitter. Part of the fluorescence signal was reflected off this 

flat surface and was focused into a second fiber leading to the spectrometer. A color glass 

filter (Corning CS 0-51) was placed in front of the spectrometer entrance slit to suppress 

the laser light reflected off the tissue sample. A Tektronix computer connected to the 

optical multichannel analyzer (OMA) was used to analyze the data. 

For some experiments a slightly different experimental set-up involving two fibers at 

the tissue site was used. One fiber delivered excimer laser light to the arterial sample, while 

a second carried the induced fluorescence spectrum to the spectrometer. The fluorescence 

collection fiber could be placed parallel and adjacent to the laser delivery fiber to examine 

tissue fluorescence , or could be placed parallel to the tissue surface and near the point of 

intense laser irradiation during ablation experiments to collect light emitted from the plume 

of removed material. Intimal surface autofluorescence spectra from both healthy and 

diseased wall sites were compared for both collection schemes. 

All fibers used in both configurations were made of UV grade quartz and had core 

diameters of 800 J.Lm. Two fiber tip geometries were used on the fiber end at the tissue 

sample. For low laser intensity fluorescence measurements, this tip was polished flat to 

collect as much fluorescence as possible. The spot size on the tissue surface generated by 

such a tip was approximately 1 mm in diameter. This corresponded to a fluence of 

approximately 1 mJ•cm-2 on the arterial surface. For ablation experiments the tip was 

reformed into a spherical lens. This lens increased the ablation rate by focusing the laser 
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light to a spot size of 0.7 mm diameter and increasing the delivered fluence to 1-10 J•cm-2 

at the tissue surface. The spherical tip was formed by heating the fiber end briefly in the 

flame of an acetylene torch. This technique resulted in reproducible, uniform spherical 

lenses with approximately 0.5 mm radius of curvature. Beam uniformity and spot-size 

were measured for both tip geometries using a beam profiling system. All other fiber ends 

in the set-up were polished flat for maximum collection of light. 

The color glass filter was necessary in both the single and dual fiber schemes because 

reflected laser light was transmitted to the spectrometer along with the fluorescence signal. 

The filter used allows 50% transmission at 390 nm, meaning that the autofluorescence 

response at wavelengths shorter than 420 nm was significantly attenuated. Although this 

attenuation is not compensated for, all spectra are affected equally, and valid comparison 

between profiles can be made. 

Cardiac iliac samples were excised within 12 hours postmortem from five patients and 

transferred to a liquid nitrogen freezer for storage prior to the fluorescence experiments. 

Prior work indicated that this method of sample storage did not affect the tissue spectral 

properties [7 ,8]. Upon thawing, multiple sites on each sample were identified and 

characterized by macroscopic properties as either normal endothelium, lipid-rich tissue 

(early stage atherosclerosis) or calcified plaque. Spectra were obtained for each site with 

the samples exposed to air except for a few experiments described below where the tissue 

was submerged in isotonic saline. Immediately following the fluorescence experiment, 

each site was marked with India ink and the samples were immersed in 10% formalin 

solution for preservation and subsequent microscopic histologic analysis. The relative 

thickness of the intimal and medial wall layers as well as the degree of lipid and/or calcium 

salt deposition were measured to confirm the initial pathologic characterization. 
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Before comparison, all the acquired spectra were normalized to the same relative 

intensity scale. The absolute intensity of an acquired fluorescence spectrum will vary 

sensitively with changes in the collection geometry of the optical fiber tip relative to the 

arterial wall, a feature difficult to control in vivo. In contrast, the curve shape of the 

fluorescence profile depends much more keenly on the chemical composition of the tissue 

at the targeted site. Normalization removes differences in absolute magnitude between 

spectra, and allows direct comparison between spectral profile shapes. The normalization 

procedure used in this work consists of multiplying each obtained curve by a constant so 

that the intensity at 470 nm is 10000 counts. This wavelength is chosen because it is near 

the peak of the fluorescence response, where the signal to noise ratio is maximal. 

Subtraction analysis was performed on luminal fluorescence spectra as a means of 

comparing the profile shapes. First a normal spectrum was generated by averaging the 

spectra of all samples identified as healthy or normal tissue. Other fluorescence spectra 

were then subtracted from this normal spectrum and the area under the resultant difference 

spectrum was used as an index of the degree of disparity between the two spectra. 

To study the effects of an aqueous environment on fluorescence, and to search for a 

soluble component to the fluorescence response, autofluorescence spectra were obtained at 

sites on two samples from each tissue category. The samples were then covered with 

saline and repeat spectra immediately taken. Subsequent spectra were taken repeatedly 

every 5 minutes over a 30 minute interval in an effort to see any evolution of the spectral 

response. 

Whether fluorescence analysis could be used to monitor the progress of ablative plaque 

removal was also studied. The single fiber configuration was used to deliver high energy 

pulses (5-15 mJ) of excimer laser light and cause localized ablation of tissue in air. Low 

intensity fluorescence profiles were obtained periodically during ablative excavation to a 
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certain depth in the sample. This involved acquiring a spectrum using low fluence pulses 

(1 mJ•cm-2), then removing a small volume of tissue with high fluence pulses (1 J•cm-2), 

and repeating the process until penetration to some depth of interest at the tissue site was 

reached. Both normal and diseased sites were studied in this fashion. 

Spectra were also acquired during ablation at tissue sites. The dual optical fiber system 

was used in two different configurations for these studies. This was necessary because the 

relatively intense laser pulses required for ablation caused noticeable fluorescence in the 

optical fiber material, and hence would have distorted the tissue spectrum obtained with the 

single fiber approach. Fiber fluorescence was not observed in the low laser intensity 

studies. In one arrangement the fluorescence collection fiber was in parallel with the laser 

delivery fiber to acquire tissue fluorescence spectra. In the other arrangement the collection 

fiber was repositioned to collect light selectively from the plume of ablation products. 

III. Results and Discussion 

A. Endothelial Surface Fluorescence 

Initially the two fiber collection scheme was used to obtain fluorescence profiles from 

38 arterial sites in air. This group consisted of 8 normal adult sites, 14 fatty or "lipid-rich" 

sites, and 16 sites of gross calcification. Typical fluorescence profiles obtained are shown 

in Figure 3.2a. Normal tissue invariably exhibited fluorescence spectra very similar in 

shape to the solid trace shown, with a peak intensity around 450 nm and a "shoulder" close 

to 410 nm. Spectra from calcified samples consistently contained broader peaks than 

normal profiles, with relatively stronger fluorescence especially at shorter wavelengths. 

Several calcified tissue spectra (5 of 16) revealed a distinct second peak near 410 nm. 

Fluorescence spectra from lipid-rich sites also showed variation from the normal signature, 
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Figure 3.2. (a) The fluorescence spectrum from healthy arterial wall, obtained with two 

fiber scheme, is shown as the solid trace (vertical axis represents normalized OMA counts 

for both graphs). A profile from a calcified site is indicated by the broken curve. Note the 

higher relative intensity in the region around 410 nm. (b) The "difference curve" obtained 

by subtraction of the healthy spectrum from the diseased. 
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also manifested as a generally broader fluorescence profile. Given the filter attenuation 

noted above, these results concur with those given in Reference 14. 

While the curves of diseased tissue consistently exhibited a broader peak than the 

normal, the difference was not striking. All spectra show similar profile shape and have 

peak intensities in approximately the same wavelength region. Subtle variations can be 

enhanced if a healthy trace is subtracted from the diseased, as is done in Figure 3.2b. 

Difference profiles were then obtained for each of the 38 sites by subtracting this composite 

healthy spectrum from each of the original normalized spectra, with the area under each 

resulting curve was calculated. Areas were averaged for the three tissue types, and the 

results are displayed in Figure 3.3. 

As shown, upon spectral subtraction both lipid-rich and calcified plaque tissues exhibited 

significant disparity in fluorescence response relative the standard healthy wall spectrum. 

While the average difference profile area for the healthy group was essentially zero, with a 

moderate standard deviation, the spectra from diseased wall areas resulted much larger 

residual curve areas and much larger variation. The wide range of results for the diseased 

tissue types is to some extent attributable to the heterogeneous nature of these histologic 

divisions. Microscopic examination of the tissue sites following spectroscopy, while 

confirming the initial macroscopic classifications, found great diversity within the diseased 

groups. In particular, lipid-rich tissue showed wide variation in the degree of fatty 

infiltration and fibrosis (intima/media thickness ratio). One site in this group was found to 

contain microscopic calcium deposits, and the difference curve area associated with this site 

was one of the largest in the lipid-rich class. The variation within the healthy tissue group 

constitutes one standard deviation of the area distribution. Establishment of such a 

standard, by acquiring spectra at normal arterial sites from a large patient population may 

prove essential in developing a clinical diagnostic system. The results presented here 
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Figure 3.3. "Difference curve" areas, following substraction of a composite healthy 

fluorescence profile, averaged for the three histologic groups. One standard deviation 

bracketing is shown for each tissue type. Healthy and calcified regions produced distinct 

autofluorescence spectra. The lipid-rich group contained the greatest diversity of 

atherosclerotic involvement, a fact which contributes to the wide standard deviation. 
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support others in the literature that in vivo spectral diagnosis of atherosclerosis should be 

possible [8,11,13,16]. 

One factor which must be considered when studying these fluorescence spectra is the 

possible light-absorptive role of hemoglobin within the wall tissue. The absorption 

spectrum for hemoglobin contains peaks near 425 nm, 540 nm, and 575 nm wavelength, 

and this is thought to contribute significantly to the characteristic structure of visible laser

induced arterial spectra. In addition, there may be significant postmortem alteration of the 

wall fluorescence, as additional hemoglobin diffuses into the tissue [16]. Examination of 

the difference spectrum in Figure 3.2b shows that the greatest disparity between healthy 

and diseased tissue UV laser-induced fluorescence profiles also occurs in the wavelength 

regions of high hemoglobin absorption, suggestive of a higher hemoglobin content at the 

normal wall site. Some of this difference may be due to a higher permeability of normal 

tissue to hemoglobin diffusion postmortem. In an attempt to wash out a diffusible 

component to the fluorescence response, two samples from each tissue category were 

examined with the two-fiber setup in air, then covered with saline. Immediate repeat 

spectra showed no change with respect to those taken in air. The samples were then 

allowed to incubate for 30 minutes with repeat spectra taken every 5 minutes. During this 

time no discemable change in fluorescence profile shape was seen. This does not rule out 

the possibility of postmortem changes, however, and the issue illustrates the need for 

follow-up in vivo studies. In addition hemoglobin absorption in all likelihood will distort 

in vivo wall spectra acquired within a blood-filled artery, and may dictate the need for 

vigorous saline flushing of vessels in clinical procedures. 

Fluorescence spectra were also obtained from arterial tissue using the single fiber 

configuration. Spectra from healthy sites were quite similar to those seen with the dual 

fiber system, while calcified regions exhibited the same spectral characteristics as noted 
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above. It has been reported by Richards-Kortum et. al that the spectral shape obtained 

using a visible laser excitation source depends significantly on the geometry of the 

collection system used, due to tissue filtering [17]. This effect may be less relevant for an 

ultraviolet source due to the shallow penetration depth of the laser light. 

Following the low laser intensity spectroscopy experiments, the luminal surface of each 

sample was inspected for changes in appearance at the irradiated sites. No visible changes 

in color or morphology were observed. This fact combined with the constancy of the 

fluorescence response during repeated spectrum acquisition indicated that no significant 

photobleaching of the samples was occurring during these experiments. 

B. Subsurface Fluorescence 

Low intensity fluorescence measurements were also taken in conjunction with high 

laser intensity ablative excavation into the arterial wall. Selected results are shown in 

Figure 3.4. (The dual intense lines near 700 nm wavelength are an artifact due to back 

scattered laser light passage through the spectrometer in second order.) Ablation at healthy 

tissue revealed significant change in spectral shape (Figure 3.4a solid trace versus dashed) 

after very shallow penetration into the wall, beyond which the curve remained essentially 

constant until the sample was nearly perforated. Results similar to those shown were 

obtained at 3 other normal arterial sites. Four sites containing luminal calcified plaque with 

a significant amount of underlying grossly normal wall tissue were studied in the same 

manner. Ablative excavation into a site containing calcified plaque produced little change in 

the fluorescence response until the plaque layer was penetrated. The spectrum obtained at a 

diseased site after penetration of the calcified plaque but prior to wall perforation (Figure 

3.4b solid trace) exhibits similarities to that taken at depth in the normal tissue (Figure 3.4a 

solid curve). Since atherosclerotic changes are usually confined to the intimal arterial layer, 
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Figure 3.4. (a) Single fiber fluorescence profile from the healthy arterial endothelial 

surface is shown dashed (vertical axis in arbitrary intensity units). The solid curve 

represents the profile taken from same site after excimer laser ablation to a depth of 

approximately 0.7 mm into a 2.0 mm sample. (b) Fluorescence profiles at a calcified site at 

the endothelial surface (dashed) and after ablative penetration of hard plaque material 

(solid). Note the similarity between the two spectra taken at depth in the wall. 
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this result is to be expected. These results suggest spectroscopic changes may have utility 

in determining the appropriate endpoint to a laser angioplasty procedure. However, in 

cases of advanced calcified plaque development the underlying wall layers may be 

significantly atrophic, and an independent means of estimating wall thickness may still be 

required to avoid catastrophic compromise to the wall integrity. 

C. Fluorescence During Ablation 

To look at the possibility of real time monitoring of the ablation process, spectral 

profiles were also obtained during tissue removal at high laser fluence. Ablation at calcified 

plaque sites was accompanied by an audible snap and brief formation of a bright plume 

extending away from the sample surface. Figure 3.5a shows a spectrum obtained under 

these conditions. Note the sharp lines superimposed on the broad fluorescence curve in the 

calcified site spectrum. (The dual intense lines near 700 nm wavelength are again an 

artifact due to back scattered laser light.) Analogous lines were not seen at any healthy site 

during ablation. Clarke et. al reported seeing similar sharp lines during ablation [13] and 

Prince et al. found similar lines in the ablation plume when using a different laser source 

[18]. These groups attribute the phenomenon to calcium emissions from the ablated 

plaque material. 

Using the dual fiber collection scheme with the collection fiber repositioned parallel to 

the sample surface and close to the ablation site, it was possible to collect an emission 

spectrum exclusively from the plume, shown in Figure 3.5b. Arterial plaque is known to 

contain phosphate salts of magnesium in addition to calcium compounds [19]. Many of 

the lines seen can be associated with ionic calcium transitions [20], as is done in Table 

3.1. 
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Figure 3.5. (a) Spectrum obtained at calcified site during ablation in air (vertical axis in 

arbitrary intensity units). (b) Fluorescence response form plume during ablation at same 

site. Discrete lines in the fluorescence response were seen only at calcified sites and only 

during ablative plume formation. Lettered peaks correspond to the transitions listed in 

Table 3.1. 
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Table 3.1 

Spectral Lines from Plaque Ablation Plume in Figure 3.5b 

Known Emissions 

Peak A (nm) A (nm) Element 

a 395.7 395.7 Ca (I) 

b 428.4 428.3 Ca (I) 

c 442.1 442.5 Ca (I) 

d 456.8 457.1 Mg (I) 

e 486.8 486.4 p (II) 

f 517.3 517.2 Mg (I) 

g 525.2 525.4 p (II) 

h 553.0 552.8 Mg (I) 

1 558.2 558.3 p (II) 

J 604.1 604.3 p (II) 

k 611.9 612.2 Ca (I) 

1 616.1 616.2 Ca (I) 

m 643.6 643.9 Ca (I) 

n 649.2 649.4 Ca (I) 

0 671.4 671.8 Ca (I) 

p 714.5 714.8 Ca (I) 

q 720.1 720.2 Ca (I) 

r 732.3 732.6 Ca (I) 

Since the sharp lines only appear during plasma formation in calcified tissues, plume 

spectroscopy may have some utility as an in vitro method of determining with high spatial 

resolution the pathologic calcium deposition in tissue. Currently such procedures require 

electron microprobe or atomic absorption analysis. Moreover, this would also be a very 

useful real-time indicator of plaque ablation during a recannalization procedure in vivo. 

The effect could not be reproduced with samples submerged in saline. The initial pulse 

fluence (1 J•cm-2) was not sufficient to any cause significant ablation in the aqueous 
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environment. Increasing the pulse fluence (10 J•cm-2) did cause ablation and the 

occurrence of a small flash believed to be a plasma, but did not evoke sharp lines in the 

spectral profile. This was presumably due to quenching of the discrete emissions in 

solution. The deleterious effect of saline submersion was also seen by Clarke et. al. 

Considerably higher energy pulses would perhaps produce the lines seen in air, through the 

formation of a dynamic cavity at the ablation site, but these were not attainable with the 

experimental system used. 

IV. Summary 

Light of 351 nm wavelength can be used to distinguish healthy from calcified arterial 

wall in vitro based on autofluorescence response, with fatty precursor lesions also showing 

spectral deviations from normal. The diagnosis can be made with either a dual or single 

fiber scheme. The fluorescence response is unaffected by arterial immersion in saline. 

Spectra taken after ablation into normal tissue differ slightly from those taken at the 

endothelial surface, and closely resemble spectra taken at diseased sites after ablative 

penetration of the calcified plaque. Spectra taken at calcified sites during the ablation 

process in air reveal sharp spikes not seen with ablation of noncalcified tissue. These are 

attributed to calcium and magnesium salt components in the ablation plasma. With further 

refinement, excimer laser fluorescence can be a useful tool in diagnosing arteriosclerosis 

and monitoring the progress of ablative vessel recanalization. 
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Appendix A: The Effective Absorption Cross-Section 

A. Introduction 

In the theoretical treatment presented in Chapter 1 the ablation substrate is treated as 

having a single chromophoric feature of density p and a cross-section for light absorption 

at the laser wavelength cr, while organic materials may have several distinct chromophore 

types with disparate cross-sections. In describing a complex ablation substrate with n 

chromophore populations, p is the sum of the individual chromophore densities: 

n (A1) 

while a represents a composite absorption cross-section: 

n 
0"=----

n (A2) 

This simplification is shown to be valid below, at least for low or very high fluence laser 

pulses. 

For clarity a substrate with two chromophore populations is considered. Let P10 and 

P2o denote the initial chromophore densities (so that p = P10 + P2o by Equation A1), and 

let Pl (x,t) and P2(x,t) represent instantaneous ground-state population densities during the 

absorption of an incident laser pulse. At the laser wavelength both chromophores have 

significant absorption cross-sections, cr1 and cr2. The excited states of both chromophore 

types are assumed to be nonabsorbing and have lifetimes 't1 and 't2. The spatial attenuation 

of a photon flux I(x,t) in this material is given by: 



114 

(A3) 

Similarly, the temporal development of the ground-state chromophore populations is given 

by: 

and 

ap2 P2o-P2 
--=-p2cr2I+---
dt 't2 

These three equations form the basis for the analysis presented below. 

B. Low Pulse Intensity Absorption 

(A4) 

(A5) 

Absorption of a low fluence laser pulse is considered first. In the low fluence regime, 

the absorption of laser light is given by Beer's law: 

dS 
dx=-crpS, 

(A6) 

where S(x) is the laser pulse photon density. The use of an effective absorption cross-

section must still allow for this result. 

At low intensities, few chromophores are promoted to the excited states, so that PI = 

P10 and P2 = P20· In this case Equation A3 may be rewritten as: 

(A7) 

Since the first term on the right side of this expression is the effective absorption cross-

section according to Equation A2, Equation A6 reduces to: 



di 
-=-crpl. 
ax 
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(A8) 

Since S(x) is the time integral of I(x,t) over the pulse duration, A 7 can be integrated over 

time to yield: 

dS 
-=-crpS dx ' (A9) 

which is identical with Equation A6. The absorption coefficient is just the product of the 

effective absorption cross-section and the total chromophore density. Thus the use of 

effective substrate parameters is valid in the low-intensity case. 

C. High Pulse Intensity Absorption 

According to the analysis presented in Chapter 1, at very high laser intensities, where 

substrate chromophores become completely saturated, the attenuation of the laser light 

becomes constant and the pulse intensity falls linearly with increasing depth. This should 

also be the result when an average absorption cross-section is used in the analysis. 

As the laser pulse intensity increases one or both of the chromophore types may 

become saturated, and the mathematical analysis becomes more involved. If the excited-

state lifetimes are again assumed large compared to the laser pulse duration, the problem is 

more readily solved. Following the same analysis used in Equations 3 through 10 of 

Chapter 1, an expression for the spatial attenuation of the photon density can be found as: 

(A10) 

In the low fluence limit (cr1 S, a2 S « 1) Equation A10 reduces to Equation A9 (since e-x"" 

1-x for x « 1). At high fluences (crl S, a2 S » 1) the exponential terms in A10 become 

negligible and the decay becomes linear as expected: 
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=-p (All) 

This expression is in complete agreement with Equation 12 in Chapter 1. 

If the excited-state lifetimes are short compared to the laser pulse, so that P1 (x,t) and 

pz(x,t) can virtually instantaneously respond to the influence of the photon flux I(x,t), then 

Equations A4 and A5 are approximately equal to zero. This result leads to: 

P1o 
pl= 

1 + Ih ' 
Is1 (Al2) 

and 

Pzo 
Pz= 

1 + Ih ' 
Isz (Al3) 

where 

Is12= 
1 

, 

cr12't12 
' ' (A14) 

Equations A12 and A13 may be used to rewrite A3 as: 

(Al5) 

Note that this is a general expression which reduces to Equation A8 in the case of a low 

intensity laser pulse (I« IsJ.lsz). 

For a laser pulse of sufficient intensity, both chromophore populations become 

saturated (I» Isl.lsz), so that Equation Al5 reduces to: 
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(Al6) 

or 

~=-(~+ P2ol· ax ~1 ~2 (Al7) 

Equation Al7 is the analogous expression to All for finite excited-state lifetimes. Note 

that in both the short and long-~ cases the linear decay in the saturated material is a function 

of the chromophore densities and not the absorption cross-sections (All and Al7). In 

contrast, the magnitude of the saturation intensity (fluence) is a function of a, independent 

of p. 

A composite saturation intensity Is can be defined as: 

(Al8) 

which is a weighted average of the saturation intensities for the individual chromophore 

types. This expression may be rewritten as: 

Substituting Equation Al9 into Equation Al6 results in: 

a I 
-=-crpls. 
ax 

(Al9) 

(A20) 

Thus again in the high laser intensity regime, the attenuation of the pulse becomes a linear 

function of depth, and this outcome results from either direct analysis or the approach 

where an effective absorption cross-section is used. 
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D. Moderate Pulse Intensity Absorption 

The only problem in using an effective absorption cross-section and the sum of all 

chromophore densities to describe an ablation substrate arises in the laser intensity region 

where one chromophore population is saturated and the other is not. At these intermediate 

fluences the analysis using a single effective chromophore type predicts a smooth transition 

from a linear decay in the pulse fluence versus depth (completely saturated substrate region) 

to an exponential decay (unsaturated region), while in reality the transition is much more 

complex. This phenomenon is not easily investigated analytically, but can be studied 

through numerical techniques as is done below. 

The case of a substrate where the chromophore excited state lifetimes are long-lived 

relative to the laser pulse is again considered first. The relevant fluence region is that lying 

between the two saturation fluences, l/cr 1 and l/cr2. Any error in using an average 

absorption cross-section will arise in this region. A numerical example of this is shown in 

Figure A.1, which gives a comparison of the calculated decay of S(x) versus depth using 

Equations 10 (with effective parameters) and A8, with the chromophores densities noted in 

the figure caption. Both linear and logarithmic plots are displayed. In this example both 

chromophore types contribute equally to the small-signal absorption coefficient (pwcrl = 

P2ocr2) and have significantly different saturation fluences (l/cr 1 » 1/cr2). The fluence 

striking the surface (So) is greater than either saturation fluence, so that both chromophore 

types are saturated in the surface region and the decay is initially linear. Note that the 

difference between the actual and "composite" decay curves is small and arises in the region 

between the two saturation fluences (indicated by the dashed lines in logarithmic plot). The 

complex transition from an essentially linear decay to an exponential decay occurs in this 

reg1on. 
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Figure A.l. Calculated decay in the laser pulse photon density versus depth in a 

substrate with two distinct chromophore populations (both linear and logarithmic vertical 

axes shown). The continuous curves indicate the true decay, based on Equation A8, while 

the dotted curves are the result when composite substrate constants are used in Equation 

10. Physical values used: p 10 = 5.0•1021 cm-3, cr 1 = 1.0•10-18 cm2, p20 = 1.0•1021 cm-

3, <>2 = 5.0•10-18 cm2, So = 2.0•1018 cm2. 
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If the ablation threshold fluence is less than either saturation fluence, the accumulated 

disparity would lead to a consistent underestimation of the calculated ablation depth. In the 

case presented in Figure A.1 this error would be maximum, as a fraction of etch depth, for 

an ablation threshold photon density just less than 2•1017 cm-2 (the smaller saturation 

photon density). The calculated ablation depth would then be -4.5 J..Lm per pulse, while the 

actual etch depth per pulse would be -5.0 J..Lm, giving an error of 10%. For larger ablation 

thresholds, the two curves are in better agreement and the error lessens. At lower ablation 

thresholds, both the calculated and actual etch depths are greater, so the error becomes a 

less significant fraction of the total depth. An error as large as 10% is not substantial in 

ablation calculations, given the difficulty in measuring pulse fluences and micron-scale etch 

craters to any greater accuracy. 

The magnitude of the discrepancy will rise as the variance in saturation fluences (the 

difference in the absorption cross-sections) increases. If this difference becomes larger 

than a factor of -10, the weakly-absorbing chromophore population can be neglected 

altogether. In most organic substrates, the chromophore densities will be well within an 

order of magnitude of each other (p 10 :::::: P2o). Surface laser light absorption at low and 

moderate fluences will be completely dominated by the high-a chromophore type. The 

weakly absorbing chromophore group will only have a significant effect at extremely high 

fluences, where multiphoton processes and plasma formation must be considered as well. 

Figure A.2 shows the calculated attenuation of S(x) in a material with two finite 

excited-state chromophore populations. For simplicity, both the chromophore densities 

and the lifetimes are set equal, while the absorption cross-sections differ by a factor of 

four. Thus the saturation intensities are different, and this results in a divergence between 

the real and composite calculations in the middle fluence region. As in Figure A.1 this 

disparity is small. The greatest error in the calculated etch depth occurs for a threshold 
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photon density of -1017 cm-2. In this case the calculated ablation depth per pulse would be 

2.3 j.lm, while the actual depth is 2.6, again an error of approximately 10%. 

E. Conclusions 

The use of effective substrate parameters, as defined by Equations A1 and A2, allows 

for the description of laser light absorption by the material with simplified mathematical 

expressions. This technique will very accurately describe the attenuation of a laser pulse in 

both unsaturated and completely saturated substrate layers. However, the approach does 

represent an approximation and will result in a slight underestimation of the ablation depth 

due to discrepancies arising in the partially saturated substrate. The magnitude of this error 

is small; approximately 10% in the numerical cases presented, although the difference in 

absorption cross-sections differed by a factor of 4 to 5. Thus these effective parameters are 

extremely useful describing the ablation process. 
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Figure A.2. Calculated decay in the laser pulse photon density versus depth in a 

substrate with two chromophore populations with finite excited-state lifetimes (both linear 

and logarithmic vertical axes shown). The continuous curves indicate the true decay, while 

the dotted curves are the result when composite substrate constants are used (all curves are 

calculated numerically). Physical values used: p10 = 1.0•1021 cm-3, cr1 = 5.0•10-18 cm2, 

't1 = 3.0•10-9 sec, P2o = 1.0•1021 cm-3, <>2 = 2.0•10- 17 cm2, 't 1 = 3.0•10-9 sec, So= 

2.0•1 018 cm-2. 
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Appendix B: The Kn Term in the Multiphoton Absorption Analysis 

A. Introduction 

In studying the radiation transport in a substrate where a multiphoton absorption 

process of order n dominates the following substitution is made in the mathematical 

treatment (Equation 29): 

(B1) 

where Kn is a pulse-shape dependant constant. This replacement allows for the temporal 

integration of expressions involving the intensity profile I(x,t) to yield formulas in terms of 

the total photon density S(x). The purpose of this appendix is to show that this technique 

is valid. For simplicity, the deliberation presented below is based on the two-photon 

absorption problem, but is applicable to higher-n systems as well. To allow for a 

numerical example, an incident laser intensity profile of I(O,t) = a t exp( -bt) is assumed, 

with a and b constants (Equation 39 of Chapter 1). However the analysis is valid for any 

other reasonable pulse profile as well. 

B. Theoretical Analysis 

If I(x,t) were the product of two independent functions A(x) and B(t), then obviously 

Equation B 1 would be correct. However, due to the complex attenuation of the intensity 

profile in the material given by Equations 22 and 23 (both In(x,t) dependent) this is not the 

case. Several characteristics of I(x,t) which facilitate the analysis are known: 

1. The intensity profile is monotoneously decreasing: di/dx < 0, for all x and t. 

2. I(O,t) is the intensity profile of the incident laser pulse. 
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3. In the limit as t approaches infinity, I(x,t) = 0 for all x. 

4. Similarly, as x becomes infinitely large, I(x,t) = 0 for all t. 

Based on these characteristics and the Mean Value Theorem of Integral Calculus [1], 

the first integral in Equation B 1 can be rewritten for n = 2 as: 

{ = I2(x,t) dt = Ilx ,l(x))f = l(x,t) dt , 
)0 0 (B2) 

- -
where I(x,t) is the intensity profile evaluated at depth x and timet. The correct value fort 

depends on x. By the same arguments: 

( oo I(x,t) dt = ( t1(x) - tix)) I{x ,t(x)) , 
.Jo (B3) 

where the appropriate value oft depends on x and the chosen time interval { t1 (x) - t2(x)}. 

A time interval can be selected so that I(x,t(x)) = I(x,t(x)). Rearranging Equation B3 

following this substitution yields: 

I(x,t(x)) = ( ) 1 i )1· oo l(x,t) dt. 
t1 X - t X 

0 (B4) 

The time difference { t1 (x)- t2(x)} = L\.t(x) will depend on the shape of the pulse at depth x 

and will be the same order of magnitude as the pulse width (FWHM). If this difference is 

assumed to be roughly a constant, L\.t, over the range 0 ~ x ~ d, where d is the ablation 

depth, then the term K2 may be introduced and defined as: 

(B5) 

Equations B4 and B5 may be used to rewrite B2 to give: 



2 i = I2(x,t) dt = K2(Ia = I(x,t) dt) 

2 = K 2 S (x) 

which is identical to Equation B 1 for a two-photon absorption process. 

C. Numerical Analysis 
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(B6) 

The experimental case of 300 fsec pulse KrF excimer laser Teflon ablation discussed in 

Chapter 1 is used as an example to test the validity of the theory presented above. In 

matching the theoretical etch curve with the experimental ablation data, values of Po equal 

to 3.6•1022 cm-3, a2K2 equal to 4.0•10-37 cm4, and Fth equal to 0.3 J cm-2 were used to 

produce an excellent agreement (see Figure 1.7). Figure B.l shows the calculated decay of 

a 4 J cm-2 pulse (the largest fluence tested in the ablation study of Reference 27 in Chapter 

1, So ""' 5.0•1018 photons cm-2) in the material based on these physical constants. The 

dotted line in the figure represents the numerical integration over depth of Equation 31: 

dS(x) ( ( 2 )} dx = - 2 p 0 1 - exp -a 2 K 2 S , 
(B7) 

while the continuous curve in the figure is the calculated decay based directly on the 

absorption scheme of Equations 22 and 23 for n = 2, where the K2 substitution is not used. 

This second curve was determined empirically by varying a2 in the calculations until the 

profiles were in good agreement. The required value of a2 was 3.0•10-49 cm4 sec-1, 

implying a K2 of"' 1.33•1012 sec- I. Taking 1/K2 gives a value for ~t 2.5 times larger than 

the 300 fsec FWHM incident laser pulse. 

Thus the continuous line in Figure B.1 indicates the true decay of the laser pulse photon 

density in the Teflon substrate, according to a chromophore density of and an absorption 
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Figure B.l. The decay of a 4 J cm-2, 300 fsec KrF excimer laser pulse propagating in a 

Teflon substrate. The continuous curve represents the decay based on the saturable two-

photon absorption scheme of Figure 1.6. The dotted curve is the profile using Equation 

B7, which includes the term K2. 
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cross-section of . The dotted curve is the result of adjusting the physical constants in 

Equation 32, which gives d as a function of fluence, to correctly describe the ablation data 

of Figure 1.7. Based on an ablation threshold of 0.3 J cm-2 (the dashed horizontal line in 

the figure , both curves gives an expected etch depth of -1.3 1-1m for this fluence pulse, 

which is in fact the measured value (see Figure 1.7 and Reference 27). 

The discrepancy between the two decay profiles in Figure B.1 arises from the fact that 

the pulse shape changes with propagation thru the absorbing material. Therefore L1t varies 

with depth and Equation B6 is an approximation. Figure B.2 shows the calculated profile 

for the laser pulse at the surface and after penetration 0.1 and 0.5 micron into the substrate. 

As predicted in Figure B.1 the overall attenuation is quite significant over these submicron 

distances. The linear decay over the 0-0.5 1-1m range in Figure B.1 indicate that this surface 

region is highly saturated by the incident laser pulse. At the surface the pulse FWHM is 0.3 

psec. Over the propagation to the 0.1 1-1m depth the pulse narrows to a FWHM of 0.25 

psec. Substrate chromophores extract as much energy from the intense leading edge of the 

pulse as possible before becoming completely bleached. The trailing portion of the pulse 

passes is unaffected by the passage through the saturated material. Thus a fraction of the 

steep leading edge of the pulse is removed, and the pulse width becomes narrower. 

Further propagation of the pulse to 0.5 1-1m depth produces a broadening in the profile. 

The pulse width here is approximately 0.35 psec. This lengthening of the pulse is due to 

the fact that the absorption is dependant on 12. As the leading edge of the pulse is 

attenuated it becomes progressively less subject to further attenuation. As the attenuated 

pulse passes through an incremental layer, chromophores are less affected by the slowly 

rising initial portion and become saturated only later in the pulse, if at all. Chromophore 

saturation late in the passage of the pulse favors attenuation of the peak region due to the 12 
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Figure B.2. The intensity profile of a subpicosecond KrF excimer laser pulse 

propagating in Teflon. The continuous curve represents assumed surface profile, based on 

Equation 39 of Chapter 1, of a 4 J cm-2 0.3 psec pulse. The coarsely dotted curve 

represents the attenuated pulse 0.1 ~m deep in the substrate, based on the saturable two

photon absorption process. The finely dotted curve is the pulse profile at 0.5 ~m substrate 

depth. 
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absorption dependance. Further propagation of the pulse, not shown, results in negligable 

additional broadening. 

As a comparison, Figure B.3 shows the calculated attenuation of a XeCl excimer laser 

pulse in polyimide according to the saturable single-photon absorption model (Figure 1.1). 

The pulse width at the surface is 7 nsec, and the fluence is 4 J cm-2. This is more than ten 

times the saturation fluence ( -0.3 J cm-2) for single-photon absorption, so the surface 

layers of the substrate are strongly bleached by the laser pulse. As expected the pulse 

narrows with propagation into the material, and this trend continues with further 

penetration beyond 0.5 J.Lm. At some depth, the pulse becomes sufficiently attenuated so 

that negligible chromophore saturation occurs, and at that point the pulse width becomes 

constant (not shown in the figure). Pulse broadening does not occur with a single-photon 

absorption mechanism because the saturation effect consistently causes the leading edge of 

the laser pulse to be more strongly absorbed than the trailing portion. 

Thus these intensity profiles illustrate two competitive processes which affect the shape 

of the pulse as it passes through the substrate. Chromophore saturation results a 

disproportionate absorption of the leading portion of the pulse, which tends to shorten it. 

The intensity-squared dependance of the two-photon absorption mechanism favors the 

absorption of the peak region in the profile, and this results in lengthening of the pulse. In 

this numerical example pulse compression due to absorber saturation is initially dominant, 

while pulse broadening becomes important at greater depths. The magnitude of the 

variation in the pulse width is modest, -20% in either direction. The term L1t(x) described 

above is not directly measurable, but varies approximately with the pulse width. 

Therefore, L1t(x) is only a slowing varying function of depth, and Kn can be used as a 

constant in the ablation depth calculations. 
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Figure B.3. The calculated intensity profile for a XeCl excimer laser pulse propagating 

in polyimide, based on the saturable single-photon absorption scheme of Figure 1.1. The 

continuous curve represents the assumed profile at the surface for a 4 J cm-2, 7 nee FWHM 

pulse. The coarsely dotted curve indicates the pulse shape at a substrate depth of 0.1 ~m, 

while the finely dotted curve is the intensity profile 0.5 ~m deep into the material. 
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D. Conclusions 

The term Kn, used in the mathematical treatment of the multi photon absorption process, 

is equal to the inverse of a characteristic time t1t for the laser pulse. This characteristic time 

is in turn dependant on the pulse profile, which varies with substrate depth. Since the 

variation in pulse width is modest over the small ablation depth, the approximation of a 

constant t1t versus x is valid. A comparison of the calculated attenuation of an intense KrF 

laser pulse in Teflon both with and without employing the Kn factor reveals excellent 

agreement. Therefore this technique, which facilitates the calculation of the expected etch 

depth, adds no appreciable error to the approach. 

Reference 

1. A. Ostrowski, Differential and Integral Calculus, (Foresman, Glenview, Illinois, 

1968), pp. 164-166. 
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Appendix C: The Single-Photon Absorption Model Computer Program 

C Explanation 

C This FORTRAN (MACFORTRAN) program models the ablation of a substrate 

C by a pulse of excimer laser light. Incoming ultraviolet photons are 

C absorbed singly by chromophores in the material. Excited state 

C chromophores fall back to the ground state with a time constant ~-

C All of the absorbed light energy is assumed to remain in the 

C material. Ablation of an incremental layer of the material is 

C assumed to occur if the total deposited energy exceeds some threshold 

C value. At the surface, the incident laser pulse is assumed to have a 

C time dependant shape of I(t) = Atexp(-Bt) Initially the density 

C of excited state chromophores (Pl) is 0. It changes under the 

c influence of the light as dp 1 /dt crpoi - p 1 ;~, where a is 

C the cross-section for absorption by ground-state chromophores, 

C Po is the initial density of ground-state chromophores, and I is 

C the photon flux (photons per sq em per sec) at the current 

C time t and depth x. The deposited energy density per vloume "E" 

C starts at zero at each incremental depth and changes as 

C dE/dt = [0(Po- p)I] times hV, the photon energy. The photon 

C flux leaving the current incremental layer (passing deeper into 

C the substrate) can be found from di/dx = -cr(po- p)I. The program 

C uses the known initial values for Po and I at each 

C incremental depth at time t=O and integrates over time to find 

C the time evolution of p and E. Integration is done simply as 

C PARAMETER(x,t+~t) = PARAMETER(x,t) + (dPARAMETER(x,t)/dt * Dt) 

C Similarly, the outgoing I is calculated by 

C I(x + Dx,t) = I(x,t) + (di/dx * Dx). The program starts at the 

C surface and finds the total HEAT deposited in the first incremental 

C layer. If this exceeds the critical value "HEATC", the layer is 

C ablated and the program advances one step deeper into the material. 

C At some depth the "HEAT" will fall short of "HEATC" and the 

C program will stop, reporting how deep the ablation condition was 
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C met. (NOTE: the timet is relative for each depth. t=O at a 

C depth x is actually the time when the onset of the pulse reaches 

C that depth. To an outside observer the time since the laser pulse 

C hit the surface is really t at depth x plus (x divided by the speed 

C of light in the material) . The program is set up to calculate the 

C ablation depth for 7 different input fluences of a given pulsewidth. 

c 

C Input 

C Input is taken from the file "ABLATION INPUT", also in this 

C folder. The input file must contain the following values, in 

C order, on seperate lines, using double precision notation: 

C 1) Initial chromophore density in the substrate (per cu em) 

C 2) Cross-section for absorption by these chromophores (sq em) 

C 3) Excited state lifetime relative to ground state (sec) 

C 4) Critical deposited energy per volume for ablation (J per cu em) 

C 5) Wavelength of the incident laser light (nm) 

C 6) FWHM of the laser pulse (nsec) 

C 7) Desired spatial step size (microns) 

C 8) Number of time steps within the experiment duration 

C 9) Desired duration of the experiment (nsec) 

C 10-16) 7 fluences to test (J per sq. em), each on a seperate line 

C Obviously, the experiment duration should be much longer than the 

C laser FWHM. 

c 

C Output 

C Output is written to a file "ABLATION OUTPUT", also in this folder. 

C The file is self explanatory. If the step sizes are too large, 

C integration process will become ustable mathematically and not work 

C properly. If this happens, a "WARNING! OSCILLATION!" will appear in 

C the output file. The number of time steps should be made larger 

C and the spatial step size reduced before the program is re-run. 

c 

C Parameter Definitions 

C A A numerical constant used in calculating I at the 



c 

c ABLATE 

c 

c 

c B 

c 

c DEPTH 

c 

c DHEATDT 

c 

c DIDX 

c 

c DRHODT 

c 

c ENERGY 

c 

c F 

c 

c FLUEN 

c 

c FREQ 

c 

c FWHM 

c 

c 

c HEAT 

c 

c HEATC 

c 

c I ( T) 

c 

c 

c PHOTON 

c 

surface (photons cm-2 sec-2). (calculated) 

An integer variable which is 1 at each depth in 

the material if HEAT is ~ HEATC, 0 otherwise. 

(calculated) 

Another numerical constant used in calculating 

I at the surface (sec-1) . (calculated) 

The ablation depth (em converted to ~) 

(calculated) 

134 

The time derivative of HEAT at the current at time and 

depth. (J cm-3 sec-1) . (calculated) 

The derivative of I with respect to distance at the 

current depth and T (cm-3 sec-1). (calculated) 

The derivative of RHO with respect to time at the 

current depth and time (cm-3 sec-1). ( calcual ted) 

The energy per photon at the laser wavelength (J) . 

(calculated) 

Integer designating which of seven different fluences 

is being tested. (iterated from 1 to 7) 

The total fluence of the incoming laser light 

(J I cm2) . (read in 7 times) 

The frequency of the laser light (sec-1) . 

(calculated) 

The Full Width Half Maximum of the laser pulse 

( read in as nsec, converted to seconds) . 

(read in once) 

The total deposited energy per volume by time T 

(J cm-3) . (calculated) 

The critical value of deposited energy per volume for 

ablation to occur (J cm-3) . (read in once) 

Array giving the photon flux (photons per square 

em per sec) crossing the current depth at time T. 

(calculated) 

The total number of photons per area in the pulse 

(cm-2) . (calculated) 



C RHO (T) 

c 

c 

C RHOO 

c 

C SIG 

c 

c 

C SIZE 

c 

C T 

c 

c 

C TAU 

c 

C TIME 

c 

c 

C TSTEP 

C WAIT 

c 

C WAVEL 

c 

C XSTEP 

c 

c 

REAL*8 

REAL*8 

REAL*8 

REAL*8 

REAL*8 

REAL*8 

REAL*8 

135 

Array giving the density of excited-state chromophores 

(per cubic em) for time T during the ablation event at 

the current depth. (calculated) 

The initial density of chromopho~es in the substrate, 

(chromophores per cubic centimeter) . (read in once) 

The cross-section for absorption of the incident laser 

light by a chromophore (square centimeters) . 

(read in once) 

The number of time steps in the experiment. 

once) 

(read in 

Integer corresponding to the current step in time 

at the current depth (T=l corresponds to TIME=O at 

current depth) . (iterated from 1 to SIZE) 

The lifetime for a excited state chromophore to return 

to the ground state (seconds) . (read in once) 

The time at the surface of the material since the 

experiment started (seconds). 

iterated) 

The time step size (seconds) . 

(calculated as T 

(calculated) 

The total time of the experiment (read in once as nsec, 

converted to sec) 

The wavelength of the incident laser light (nm) . 

(read in once) 

The spatial step size (read in once as ~' converted 

to em) . 

RH0(10001), I(10000) 

DRHODT, DHEATDT, DIDX 

RHOO, HEAT, HEATC, SIG, TAU 

A, B, WAIT, ENERGY 

TIME, TSTEP, DEPTH, X STEP 

FWHM, PHOTON, WAVEL, FREQ 

FLUEN 

INTEGER F, T, SIZE 



INTEGER ABLATE 

c 

C Open the input and output files (which must exist in the 

C same folder) . 

c 

c 

OPEN(UNIT=1, FILE='ABLATION INPUT', STATUS='OLD') 

OPEN(UNIT=2, FILE='ABLATION OUTPUT', STATUS='NEW') 

C Acquire the model parameters. 

c 

READ ( 1, *) RHOO 

READ ( 1, *) SIG 

READ ( 1, *) TAU 

READ ( 1, *) HEATC 

READ ( 1, *) WAVEL 

READ ( 1, *) FWHM 

READ ( 1, *) X STEP 

READ ( 1, *) SIZE 

READ ( 1, *) WAIT 

c 

C Report these parameter values to the output file. 

c 

c 

WRITE (2, *) 'RHOO (CM-3): 

WRITE (2, *) 'SIGMA (CM2): 

RHOO 

, SIG 

WRITE(2,*) 'TAU (SEC): ',TAU 

WRITE(2,*) 'ABLATION THRESHOLD (J*CM-3): ' HEATC 

WRITE(2,*) 'WAVELENGTH (NM): ', WAVEL 

WRITE(2,*) 'SPATIAL STEP SIZE (MICRONS): ' XSTEP 

WRITE(2,*) 'LASER PULSE FWHM (NSEC): ', FWHM 

WRITE(2,*) 'NUMBER OF TIME STEPS: ', SIZE 

WRITE(2,*) 'DURATION OF EXPERIMENT (NSEC): WAIT 

C Set up output file table to report results. 

c 
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WRITE(2,*) 'FLUENCE (JICM2) ABLATION DEPTH (MICRONS) ' 

c 

C The total time of the experiment will be "WAIT" to 

C follow virtually all of the pulse. Find the time step size by 

C dividing the experiment time "WAIT" (converted to sec) 

C into "SIZE" parts. 

c 

TSTEP WAIT * l.OD-9 I SIZE 

c 

C Convert spatial step size into em. 

c 

X STEP XSTEP I l.D4 

c 

C Convert FWHM to seconds, and find the laser frequency and photon 

C energy. Convert HEATC from joules per cubic em to photons per 

C cubic centimeter for simplicity. 

c 

c 

FWHM 

FREQ 

FWHM * l.D-9 

3D17 I WAVEL 

ENERGY = 6.626D-34 * FREQ 

HEATC = HEATC I ENERGY 

C Start. This loop is the body of the program and is executed seven 

C times for seven different input fluences. Read in a new fluence. 

c 

c 

DO(F=l,7) 

WRITE ( 9, *) 'NOW ON FLUENCE' , F, ' OF 7 ... ' 

READ(l,*) FLUEN 

C Based on the fluence and duration of the pulse, determine the 

C constants necessary for calculating I at the surface by the 

C equation I(O,t)=Atexp(-Bt). 

c 
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c 

B = 2.446DO I FWHM 

PHOTON = FLUEN I ENERGY 

A = PHOTON * B**2 

C Calculate the photon flux at the surface for each time step in 

C the experiment. 

c 

c 

DO(T=1,SIZE) 

TIME TSTEP * (T-1) 

I(T) A* TIME* EXP(-B *TIME) 

END DO 

ABLATE = 1 

DEPTH= O.DO 

C For each incremental depth, calculate the time evolution of 

C RHO and HEAT based on the incoming photon flux. 

C At the same time, calculate the outgoing I(T). 

c 

c 

DO WHILE(ABLATE.EQ.l) 

T = 1 

RH0(1) = O.ODO 

HEAT = 0. ODO 

DO (T=1,SIZE) 

DRHODT = SIG * (RHOO- RHO(T)) * I(T) - RHO(T) I TAU 

DHEATDT = SIG * (RHOO- RHO(T)) * I(T) 

DIDX = -SIG * (RHOO- RHO(T)) * I(T) 

RHO(T+1) = RHO(T) + (TSTEP * DRHODT) 

HEAT 

I ( T) 

HEAT + (TSTEP * DHEATDT) 

I(T) + (XSTEP * DIDX) 

C See if the integration is proceeding smoothly. If not, report 

C this to the output file. 

c 
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IF(RHO(T+1) .LT.O.ODO) WRITE(2,*) 'WARNING! OSCILLATION!' 



END DO 

c 

C Determine whether this layer was ablated. If not stop the 

C calculation for this fluence pulse. 

c 

c 

IF(HEAT.GE.HEATC) DEPTH= DEPTH+ XSTEP 

IF(HEAT.LT.HEATC) ABLATE= 0 

END DO 

C Now convert the ablation depth to microns and print the result. 

c 

c 

DEPTH = DEPTH * 10000 

WRITE(2,*) FLUEN, 

END DO 

DEPTH 
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C Print the last value of "HEAT". 

c 

(This is useful in curve fitting.) 

WRITE(2,*) 'FINAL HEAT: , HEAT * ENERGY 

c 

C Close the input and output files and quit. 

c 

CLOSE ( 1) 

CLOSE(2) 

END 



Appendix D: The Excited-State Absorption Model Computer Program 

C Explanation 

C This FORTRAN (MACFORTRAN) models the ablation of PMMA by a pulse 

C of excimer laser light. Incoming ultraviolet photons are absorbed 

C by chromophores in the material. Chromophores promoted to the 

C first excited state cannot return to the ground state. The first 

C excited state is also absorbing. The second excited state is 

C nonabsorbing and has a finite lifetime t. Energy deposited in the 

C excited state chromophores goes toward ablation. Ablation of an 

C incremental layer of the material occurs if the deposited energy 

C exceeds some threshold value. 

C At the surface, the incident laser pulse is assumed to have a 

C time dependant shape of I(t) = Atexp(-Bt). The density of 

C chromophores in the material is PO· Initially all chromophores 

C are in the ground state, 0. Starting with the first pulse 

C chromophores are promoted out of the ground state at a rate 

C dpo/dt = -crl•Po(x,t) •I(x,t), where Po(x,t) is the instantaneous 

C density of ground-state chromophores at time t in the pulse and 

C depth x, cr1 is the cross-section for absorption by ground-state 
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C chromophores, and I(x,t) is the photon flux. The temporal evolution 

C of the excited chromophore states are 

C dp1/dt [crl•Po(x,t) - cr2•Pl(x,t)]•I(x,t) and 

C dp2/dt cr2•P1(x,t) •I(x,t) - P2(x,t)/t, where cr2 is the absorption 

C cross-section for state 1. The spatial attenuation of the photon 

C flux is di/dx [-crl•Po(x,t) - cr2•Pl(x,t)]•I(x,t). Buildup of 

C ablation energy E(x,t) is given by dE/dt = cr2•P1(x,t) •I(x,t) •hv. 

C Ablation occurs whenever E exceeds threshold, Ec. 

C Note that at the start of the second pulse, the density of ground-

C state chromophores is no longer PO but PO(X,tl), where t1 is the time 

C of the end of the first pulse. The density of excited state 

C chromophores at the start of the second pulse is Pl(X,tl). 

C This program allows repetitive pulses of a single fluence to pass 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

into the substrate until ablation occurs and a steady-state ablation 

depth per pulse is achieved. The program keeps track of the 

''inkubation" of the material by using arrays giving the densities 

of the various state chromophores versus incremental depth in the 

material. These densities change during each pulse, and the array 

values at the end of one pulse are used as starting conditions for 

the next pulse. To account for plume attenuation, the differnetial 

equation for I is augmented by a term -crs•Ps•I once an incremental 

layer is launched into the ablation plume (as and Ps are constants) 

C Input 

C Input is taken from the file "ABLATION INPUT", also in this 

C folder. The input file must contain the following values, in 

C order, on seperate lines, using double precision notation: 

C 1) Initial chromophore density in the substrate (per cu em) 

C 2) Cross-section for absorption by ground-state chromophores (sq em) 

C 3) Cross-section for absorption by excited-state chromophores (sq em) 

C 4) Density of future plume attenuators in the solid (per cu em) 

C 5) Cross-section for attenuation by plume chromophores (sq em) 

C 6) Excited-state lifetime (sec) 

C 7) Critical deposited energy per volume for ablation (J per cu em) 

C 8) Wavelength of the incident laser light (nm) 

C 9) FWHM of the laser pulse (nsec) 

C 10) Desired spatial step size (microns) 

C 11) Desired number of spatial steps (up to 200) 

C 12) Desired number of time steps (up to 1000) 

C 13) Desired duration of the experiment (nsec) 

C 14) Allowable error in the chromophore density to stop the program 

(Fraction of po(O,t1) new versus old) 

C 15) Fluence per pulse (J per sq. em) 

C Obviously, the experiment duration should be much longer than the 

C laser FWHM. 

c 

C Output 
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C Output is written to a file "ABLATION OUTPUT", also in this folder. 

C The file is self explanatory. If the step sizes are too large, 

C integration process will become ustable mathematically and not work 

C properly. If this happens, a "WARNING! OSCILLATION!" will appear in 

C the output file. The number of time steps should be made larger 

C and the spatial step size reduced before the program is re-run. 

C The screen dialog box will show how the program is progressing. 

c 

C Parameter Definitions 

C A 

c 

C ABLATE 

c 

c 

C ALLOW 

c 

c 

C B 

c 

C CHANGE 

c 

c 

c 

C DEPTH 

c 

C DHEATDT 

c 

C DIDX 

c 

C DRH01DT 

c 

C DRH02DT 

c 

C DRH03DT 

A numerical constant used in calculating I at the 

surf ace (photons cm-2 sec-2) . (calculated) 

An integer variable which is 1 at each depth in 

the material if HEAT is ~ HEATC, 0 otherwise. 

(calculated) 

The allowable error in the surface ground-state 

chromophore density pulse to pulse below which the 

program will terminate. (read in) 

Another numerical constant used in calculating 

I at the surface (sec-1) . (calculated) 

An integer initially set to 1 which becomes 0 if the 

fractional change in the surface ground-state 

chromophore density for a pulse is less than ALLOW. 

(calculated) 

The ablation depth (em converted to ~) . 

(calculated) 

The time derivative of HEAT at the current at time and 

depth. (J cm-3 sec-1). (calculated) 

The derivative of I with respect to distance at the 

current depth and T (cm-3 sec-1). (calculated) 

The derivative of RH01 with respect to time at the 

current depth and time (cm-3 sec-1). (calculated) 

The derivative of RH02 with respect to time at the 

current depth and time (cm-3 sec-1). (calculated) 

The derivative of RH03 with respect to time at the 



c 

C ENERGY 

c 

C ERROR 

c 

c 

C FLAG 

c 

c 

c 

C FLUEN 

c 

C FREQ 

c 

C FWHM 

c 

c 

C HEAT 

c 

C HEATC 

c 

C I (T) 

c 
c 

C INK 

c 

c 

c 

C INKUB(X) 

c 

c 

C M 

c 

c 

current depth and time (cm-3 sec-1). (calculated) 

The energy per photon at the laser wavelength (J) . 

(calculated) 

The fractional change in the surface chromophore 

density between shots. If ERROR is less than ALLOW, 

the program finishes. (calculated) 
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Integer initially set to 0, becomes 1 for each laser 

pulse at the incremental depth where ablation does not 

occur, and triggers the calculation of new inkubation 

values versus depth. (calculated) 

The fluence of the incoming laser pulse (J/cm2). 

(read in) 

The frequency of the laser light (sec-1). 

(calculated) 

The Full Width Half Maximum of the laser pulse 

( read in as nsec, converted to seconds) . 

(read in once) 

The deposited energy for ablation per volume by time T 

(J cm-3). (calculated) 

The critical value of deposited energy per volume for 

ablation to occur (J cm-3). (read in once) 

Array giving the photon flux (photons per square 

em per sec) crossing the current depth at time T. 

(calculated) 

An integer initially set to zero, becomes 1 when a 

laser pulse starts to ablate the material, allowing the 

program to count the number of required inkubation 

shots. (calculated) 

Array giving the density of ground-state chromophores 

versus depth at the end of the last pulse (cm-3) . 

(calculated) 

Integer counting the number of incremental steps for 

which a new value of INKUB(M) has been generated. 

(calculated) 



C N 

c 

c 

C OLDINK 

c 

c 

C PHOTON 

c 
C RHOS 

c 

c 

C RHOO 

c 

C RHOl (T) 

c 

c 

C RH02 (T) 

c 

c 

C RH03 (T) 

c 

c 

C SCAT 

c 

C SHOT 

c 

C SIGl 

c 

C SIG2A 

c 

c 

C SIG2S 

c 

c 

Integer counting the number of spatial steps the 

current laser pulse has propagated through. 

(calculated) 
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The density of surface ground-state chromophores at the 

start of the previous laser pulse (cm-3). Used in 

calculating ERROR. (calculated) 

The total number of photons per area in the pulse 

( cm-2) . (calculated) 

The precursor density for plume attenuators in the 

substrate, (chromophores per cubic centimeter) . 

(read in) 

The initial density of chromophores in the substrate, 

(chromophores per cubic centimeter) . (read in once) 

Array giving the density of ground-state chromophores 

(per cubic em) for time T during the ablation event at 

the current depth. (calculated) 

Array giving the density of first excited-state 

chromophores (per cubic em) for time T during the 

ablation event at the current depth. (calculated) 

Array giving the density of second excited-state 

chromophores (per cubic em) for time T during the 

ablation event at the current depth. (calculated) 

The cross-section for attenuation of the incident laser 

light by a plume chromophore (cm2). (read in) 

Integer counting the number of laser pulses delivered 

to the sample. (calculated) 

The cross-section for absorption of the incident laser 

light by a ground-state chromophore (cm2). (read in) 

The cross-section for absorption of the incident laser 

light by a first excited-state chromophore (cm2). 

(read in) 

The actual cross-section for plume attenuation, set to 

0 for the intact material, changed to SCAT whenever an 

incremental layer is ablated (cm2) . (calculated) 



C T 

c 

c 

Integer corresponding to the current step in time 

at the current depth (T=1 corresponds to TIME=O at 

current depth) . (iterated from 1 to TSIZE) 
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C TAU 

c 

The lifetime for a excited state chromophore to return 

to the ground state (seconds) . (read in once) 

C TIME 

c 

c 

The time at the surface of the material since the 

experiment started (seconds) . (calculated as T 

iterated) 

C TSIZE 

c 

The number of time steps in the experiment. 

once) 

The time step size (seconds) . (calculated) 

(read in 

C TSTEP 

C WAIT 

c 

The total time of the experiment (read in once as nsec, 

converted to sec) 

C WAVEL 

c 

The wavelength of the incident laser light (nm) . 

(read in once) 

The desired number of spatial steps. (read in) C XSIZE 

C XSTEP 

c 

The spatial step size (read in once as ~' converted 

to em) . 

c 

c 

REAL*8 RH01(1001), RH02(1001), RH03(1001) 

REAL*8 I(1000), INKUB(200), OLDINK, ERROR 

REAL*8 DRH01DT, DRH02DT, DRH03DT, DHEATDT, DIDX 

REAL*8 RHOO, RHOS, SIG1, SIG2A, SCAT, SIG2S, TAU 

REAL*8 A, B, WAIT, ENERGY, ALLOW, HEAT, HEATC 

REAL*8 TIME, TSTEP, DEPTH, XSTEP 

REAL*8 FWHM, PHOTON, WAVEL, FREQ 

REAL*8 FLUEN 

INTEGER T, TSIZE, XSIZE, N, M 

INTEGER ABLATE, CHANGE, SHOT, INK, FLAG 

C Open the input and output files (which must exist in the 

C same folder) . 

c 

OPEN(UNIT=1, FILE='ABLATION INPUT', STATUS='OLD') 



OPEN(UNIT=2, FILE='ABLATION OUTPUT', STATUS='NEW') 

c 

c Acquire the model parameters. 

c 

READ ( 1, *) RHOO 

READ ( 1, *) SIG1 

READ ( 1, *) SIG2A 

READ ( 1, *) RHOS 

READ ( 1, *) SCAT 

. READ ( 1, *) TAU 

READ ( 1, *) HEATC 

READ ( 1, *) WAVEL 

READ ( 1, *) FWHM 

READ (1, *) X STEP 

READ(1,*) XSIZE 

READ ( 1, *) TSIZE 

READ ( 1, *) WAIT 

READ ( 1, *) ALLOW 

READ ( 1, *) FLUEN 

c 

C Report these parameter values to the output file. 

c 

WRITE (2, *) 'RHOO (CM-3): ', RHOO 

WRITE (2, *) 'SIGMA1 (CM2): ', SIG1 

WRITE (2, *) 'SIGMA2A (CM2): ', SIG2A 

WRITE(2,*) 'RHOS (CM-3): ', RHOS 

WRITE(2,*) 'SIGMA2S (CM2): ',SCAT 

WRITE(2,*) 'TAU (SEC): ',TAU 

WRITE(2,*) 'ABLATION THRESHOLD (J*CM-3): ' HEATC 

WRITE(2,*) 'WAVELENGTH (NM): ', WAVEL 

WRITE (2, *) 'SPATIAL STEP SIZE (MICRONS): ', XSTEP 

WRITE(2,*) 'NUMBER OF SPATIAL STEPS:', XSIZE 

WRITE(2,*) 'LASER PULSE FWHM (NSEC): ' FWHM 

WRITE(2,*) 'NUMBER OF TIME STEPS: ', TSIZE 
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WRITE{2,*) 'DURATION OF EXPERIMENT {NSEC): WAIT 

c 

WRITE{2,*) 'ALLOWABLE ERROR IN INKUB{l) 

WRITE{2,*) 'FLUENCE {J*CM-2): ', FLUEN 

I, ALLOW 

C The total time of the experiment will be "WAIT" to 

C follow virtually all of the pulse. Find the time step size by 

C dividing the experiment time "WAIT" {converted to sec) 

C into "TSIZE" parts. 

c 

TSTEP WAIT * l.OD-9 I TSIZE 

c 

C Convert spatial step size into em. 

c 

X STEP XSTEP I l.OD4 

c 

C Convert FWHM to seconds, and find the laser frequency and photon 

C energy. Convert HEATC from joules per cubic em to photons per 

C cubic centimeter for simplicity. 

c 

c 

FWHM 

FREQ 

FWHM * l.D-9 

3D17 I WAVEL 

ENERGY = 6.626D-34 * FREQ 

HEATC = HEATC I ENERGY 

C Based on the fluence and duration of the pulse, determine the 

C constants necessary for calculating I at the surface by the 

C equation I{O,t)=Atexp{-Bt). 

c 

c 

B = 2.446DO I FWHM 

PHOTON = FLUEN I ENERGY 

A = PHOTON * B**2 

C Start the experiment. 

c 
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c 

CHANGE 

OLD INK 

1 

O.ODO 

C Initially, all chromophores are in the ground state. Initialize 

C INKUB(X) to reflect this. 

c 

c 

DO(N=1, XSIZE) 

INKUB(N) = RHOO 

END DO 

SHOT = 1 

INK = 0 

DO WHILE(CHANGE.EQ.1) 

C Calculate the photon flux at the surface for each time step in 

C the experiment. 

c 

c 

DO(T=1,TSIZE) 

TIME TSTEP * (T-1) 

I(T) A* TIME* EXP(-B *TIME) 

END DO 

ABLATE 1 

FLAG = 0 

DEPTH= O.DO 

N 1 

M 1 

OLDINK = INKUB(1) 

WRITE ( 9, *) 

WRITE ( 9' *) I SHOT # I' SHOT 

WRITE(9, *) 'OLD INKUB(1): ' INKUB(1) 
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C Send a pulse into the material. Calculate the passage of the pulse 

C through incremental layers and the buildup of ablation energy within 

C those lasers. 

c 



c 

DO WHILE(N.LE.XSIZE) 

RHOl(l) INKUB(N) 

RH02(1) RHOO- INKUB(N) 

RH03(1) O.ODO 

HEAT 0 

RHOS 0 

SIG2S = SCAT 

C Perform the complete time integration for one incremental layer. 

c 

DO (T=l,TSIZE) 

DRHOlDT -(SIGl * RHOl(T) * I(T)) 

DRH03DT (SIG2A * RH02(T) * I(T)) - (RH03(T) /TAU) 

DRH02DT -(DRHOlDT + DRH03DT) 

c 

C Determine the spatial attenuation of I. Include plume effects if 

C the current layer has been ablated. 

c 

$ 

c 

DIDX (SIGl * RHOl(T) + SIG2A * RH02(T)) * I(T) 

- SIG2S *RHOS * I(T) 

DHEATDT = SIG2A * RH02(T) * I(T) 

RHOl(T+l) RHOl(T) + (TSTEP * DRHOlDT) 

RH02(T+l) 

RH03(T+l) 

RH02(T) + (TSTEP * DRH02DT) 

RH03(T) + (TSTEP * DRH03DT) 

HEAT = HEAT + (TSTEP * DHEATDT) 
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C If the current layer is now ablated, allow for plume attenuation on 

C the next time step. 

c 

c 

IF(HEAT.GE.HEATC) SIG2S =SCAT 

I(T) = I(T) + (XSTEP * DIDX) 

C See if the integration is proceeding smoothly. If not, report 

C this to the output file and terminate the iteration for this fluence. 



c 

c 
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IF(RH01(T+1) .LT.O.ODO) WRITE(2,*) 'WARNING! OSCILLATION!' 

IF(RH01(T+1) .LT.O.ODO) ABLATE= 0 

IF(RH02(T+1) .LT.O.ODO) WRITE(2,*) 'WARNING! OSCILLATION!' 

IF(RH02(T+1) .LT.O.ODO) ABLATE= 0 

IF(RH03(T+1) .LT.O.ODO) WRITE(2,*) 'WARNING! OSCILLATION!' 

IF(RH03(T+1) .LT.O.ODO) ABLATE= 0 

END DO 

C If this layer was ablated, increase the calculated etch depth by 1 

C layer thickness. 

c 

c 

IF(HEAT.LT.HEATC) ABLATE= 0 

IF(ABLATE.EQ.1) DEPTH= DEPTH+ XSTEP 

C If the surface layer was just ablated, report the required number of 

C inkubation shots. 

c 

c 

IF(ABLATE.EQ.1.AND.INK.EQ.0) THEN 

WRITE(2,*) 'INKUBATION SHOTS TO START ABLATION: , SHOT 

INK = 1 

END IF 

C If this was the first layer not ablated by the pulse, report the 

C effect of the pulse on the material to the screen. 

c 

c 

IF(ABLATE.EQ.O) THEN 

IF(FLAG.EQ.O) THEN 

'EST. ETCH DEPTH (~): DEPTH * 10000 WRITE(9,*) 

WRITE(9,*) 

WRITE(9,*) 

'FINAL HEAT (J/cm3): ', HEAT* ENERGY 

'NEW INKUB(1): ', RH01(T) 

C If the change in the surface ground-state chromophore density was 

C less than the allowable change, terminate the program. 



c 

c 

ERROR= ABS((RH01(T) - OLDINK) / RH01(T)) 

IF(ERROR.LE.ALLOW) THEN 

CHANGE = 0 

N XSIZE 

M XSIZE 

END IF 

FLAG = 1 

END IF 
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C Continue propagating the pulse through the material to calculate the 

C new inkubation. 

c 

c 

INKUB(M) 

M = M + 1 

END IF 

N N + 1 

END DO 

RH01 (T) 

C Some values of INKUB(X) were lost in the ablation volume. 

C Fill in INKUB(X) values deep in the material where the previous 

C densities were not calculated. 

c 

c 

DO WHILE(M.LE.XSIZE) 

INKUB(M) = RH01(T) 

M = M + 1 

END DO 

SHOT = SHOT + 1 

END DO 

C Record the calculated ablation depth. 

c 

WRITE (2, *) 'ABLATION DEPTH (MICRONS): ' DEPTH * 10000 

c 



C Close the input and output files and quit. 

c 

CLOSE ( 1) 

CLOSE(2) 

WRITE(9,*) 

WRITE ( 9, *) 1 FINISHED 

WRITE(9,*) 

READ ( 9, *) 

END 

(HIT RETURN) 1 
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