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h Planck's constant 
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nQ Refractive index 
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calculated 

Radius of a laser lesion 
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Radius of a cavitation bubble whose volume corresponds to the plasma volume at the end 
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Maximum radius of a cavitation bubble 

Equilibrium radius of a cavitation bubble 
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Equilibrium radius of a cavitation bubble at the end of the laser pulse 
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Scattering 
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Time 
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INTRODUCTION i 

1 Introduction 

Since its introduction into ophthalmology by Krasnov (1977), Fankhauser, et al. (1981), and 

Aron-Rosa, et al. (1980), photodisruption by short, intense laser pulses has come into widespread use 

because it makes noninvasive, intraocular microsurgery possible. Photodisruption depends on nonlinear 

absorption of light at a laser focus, by which a plasma with a temperature of a few thousand Kelvin 

[Bar68, Sto94] is produced. This nonlinear absorption process, which is also known as "optical break¬ 

down," makes it possible to deposit the laser energy within spatially limited regions in transparent ocular 

structures, as well as in pigmented tissue [Vog88b, Vog97a]. This possibility opens up a wide field of 

intraocular laser applications [Ste85, Fan89]. This dissertation is devoted to a study of the physical 

mechanisms of photodisruption in water and ocular media for the purpose of determining the optimum 

laser parameters for existing laser surgical procedures and opening up possible new areas of application 

by shortening the laser pulse duration from the nanosecond to the picosecond or femtosecond range. 

1.1 Optical breakdown in gases, solids, and liquids 

By the early 1960's, shortly after the discovery of the laser, it was possible to obtain "giant" 

pulses with pulse lengths in the nanosecond range and peak powers in the megawatt range by Q-switching 

the laser cavity [Hel61, Koe88]. When these laser pulses were focussed, they could produce irradiations 

exceeding 1010 W/cm2. In 1963, Maker, Terhune, and Savage reported at the International Conference on 

Quantum Electronics in Paris that these high irradiances would cause formation of a plasma in the focal 

region that would absorb most of the incident laser energy [Mak64]. The start of the avalanche ionization 

process leading to plasma formation [Rai66, Bas72] is facilitated by the presence of linear absorbing 

structures in the focus, but it also takes place at higher irradiances in optically transparent media, in gases 

[Mey63, DeM69, Gre75, Smi76, Wey89], as well as in solids [Blo74] and liquids [Sac91]. Since the 

absorption by the medium depends on the irradiance of the laser light, the absorption process is nonlinear. 

Because this dependence is very strong and is only observed above a threshold value, it leads to very 

localized energy deposition that is confined to the region of the linear focus, as long as other nonlinear 

processes, such as self-focussing [Akh72, Mar75, She75] do not enter and change the intensity 

distribution of the laser light. 

The localized energy deposition causes a rapid temperature rise and, because of the short laser 

pulse duration, an equally rapid rise in the pressure in the laser plasma. Thus, plasma formation is fol¬ 

lowed by an explosive expansion of the heated matter with compression of the surrounding medium. This 
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leads to the formation of a shock wave. The details of this process and, especially, the following events, 

differ greatly, depending on the character of the surrounding medium. In gases, the plasma can easily 

expand into the surrounding gas. The situation is entirely different in solids and liquids. In solids, the 

expansion of the plasma often leads to fracture of surrounding structures, which, for example, can cause 

massive damage in optical components [Rea71, Blo74, Koe88]. In fluids, the expansion of the plasma 

generates a radially outward flow that leads to the formation of a cavitation bubble [Lau72, Vog86, 

Vog96a]. In a free liquid, the expanding bubble expands beyond the equilibrium state and then collapses 

because of the static pressure in the liquid. The collapse compresses the contents of the bubble and 

creates a high pressure inside the bubble, which leads to another oscillation of the bubble and renewed 

shock formation [Vog86, Vog88a]. In the neighborhood of solid boundaries, the collapse is asymmetric 

and is associated with the formation of a water stream (jet) as the bubble reexpands [Vog89]. Plasma 

production, shock formation, the appearance of a cavitation bubble, and the collapse of the bubble in the 

neighborhood of a solid boundary are illustrated in Fig. 1.1 for the case of optical breakdown in water. 

Fig. 1.1 Plasma, shock wave, and cavitation bubble produced by focussing a 5 mJ, 6 ns Nd:YAG laser pulse in 

water. The laser light was incident from the right. In (a) one can see the self-luminous plasma, the bubble in the 

beginning of its expansion phase, and the resulting shock wave 90 ns after the laser pulse. The picture in (b) was 

taken 130 ps after the laser pulse, when the cavitation bubble was at its maximum expansion. A solid boundary is 

located at the lower boundary of the picture in (c). Because of the asymmetric boundary conditions, a liquid jet 

develops during the collapse of the bubble and moves toward the boundary. It becomes visible during the rebound 

oscillation of the bubble following its collapse [Vog89]. The photograph was taken about 50 ps after the bubble had 

collapsed. Jet formation concentrates energy at some distance from the optical breakdown site. All pictures were 

taken with the same magnification. 
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Following the discovery of optical breakdown, laser induced plasma formation was mainly 

studied in gases and solids. In gases, the overall process is especially easy to study systematically and in 

solids, it is of great practical significance, since damage owing to plasma formation was often observed in 

optical components of high power laser systems. Optical breakdown in liquids drew much less attention. 

The first papers on optical breakdown in liquids in the 1960's [Bre64, Car66, Car67, Bel67, Bar68] were 

essentially limited to the study of plasma formation and the resulting acoustic effects. The approximately 

1000 times slower cavitation effects (see Fig. 1.1) were either not observed or merely mentioned [Bre64]. 

Only in the beginning of the 1970's was attention turned to these cavitation effects [Fel72, Lau72]. 

Lauterbom, et al. subsequently used optical breakdown in water and silicone oil to generate spherical 

cavitation bubbles at specified places and at well defined times in order to investigate their dynamics in 

free liquids and near solid boundaries [Lau74, Lau75, Ebe78, Lau84, Vog88a, Vog89]. Greater interest in 

optical breakdown in liquids developed only toward the end of the 1970‘s and the beginning of the 1980‘s, 

when plasma mediated processes came into use in laser medicine [Git91, Vog97a], where they were used 

for intraocular microsurgery [Bir77, Ste84, Fan89], lithotripsy [Wat87], and angioplasty [Prin87]. 

1.2 Intraocular photodisruption 

In the late 1970‘s, Krasnov introduced the use of focussed Q-switched ruby laser pulses for 

goniopuncture and iridotomy in glaucoma treatments [Kra77] and in 1980, Aron-Rosa et al. (1980) 

reported performing posterior capsulotomies following extracapsular cataract surgery employing 

picosecond pulse trains generated by a mode locked Nd:YAG laser. Shortly afterward, Fankhauser et al. 

published their first reports on laser surgery in the anterior and posterior sectors of the eye [Fan81, 

Fan82], which were conducted using pulses from a Q-switched Nd:YAG laser (pulse duration ~10 ns) 

following extensive preliminary morphological studies [vdZ79]. The possibility of surgically operating 

by means of "photodisruption" on pigmented and unpigmented structures without opening the eye 

aroused great enthusiasm among ophthalmologists [Tro83, Ste85], as well as concerns about safety 

because of the explosive character of the laser effects and the fact that part of the laser light is transmitted 

through the laser plasma onto the retina [Mai83]. For this reason, a vigorous debate developed about the 

advantages and disadvantages of Q-switched lasers as opposed to mode locked lasers, which produce 

pulse trains of 7-10 picosecond pulses separated by 5-8 ns intervals [Koe88]. This debate initially relied 

primarily on the available literature about the fundamental physical effects [Tro83, Mai83, Tab83, Pul84], 

but specific studies were soon undertaken on the thresholds for optical breakdown [Loe83, Doc86a, 

Doc86b], on plasma transmission [Ste83a, Ste83b, Loe83, Cap88, Doc88c], and on mechanical laser 

effects [Fuj85, Vog86,Cap86, Mal87]. The major deficiency of these studies was that they dealt only 

with individual aspects of the complex laser-tissue interaction and it was not possible to develop a 
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consistent overall picture on this basis. Thus, a systematic study was begun to examine the physical 

mechanisms of intraocular photodisruption (plasma formation, shock wave production, cavitation) and the 

resulting tissue effects as a research project of the DFG (Deutsche Forschungsgemeinschaft) [Bir88]. The 

results of these studies, which initially involved 6 ns and 30 ps laser pulse durations and were later 

extended to a larger range of pulse lengths, forms the basis of this dissertation. 

1.3 Studies of the mechanism of intraocular photodisruption 

Early efforts to explain the mechanism of photodisruption attributed the disruptive laser effects 

almost exclusively to the action of the plasma induced shock waves. Cavitation effects, also caused by 

the expansion of the plasma were, as previously in the physics literature of the 1960's, either completely 

ignored [Mai83, Tab83] or noted only marginally [vdZ79, Loe83, Pul84]. A different viewpoint has been 

raised in our papers [Vog86, Vog90], where it was found that, because of their short duration, shock 

waves can only produce effects on a cellular and subcellular level, while the longer lasting cavitation 

bubble dynamics causes tissue displacements on a macroscopic level, which are the decisive reason for 

the disruptive effects and unwanted side effects near the site where a laser pulse is applied. We have 

shown that, for a fundamental understanding of the mechanism of photodisruption, it is essential to 

analyze the combined process of plasma production, shock wave formation, and cavitation initiated by 

optical breakdown, including the role of boundary conditions which can decisively affect the expansion 

and collapse of bubbles and the interactions which may arise during repeated laser pulses [Vog90]. 

This dissertation is, therefore, organized in accordance with the physical processes that take place 

during photodisruption. Chapter 2 deals with various aspects of plasma production in aqueous media: the 

threshold for optical breakdown, the growth of the plasma size for energies above the breakdown 

threshold, the optical properties of the plasma, and the energy density in the plasma. In Chapter 3, shock 

wave formation and the expansion of cavitation bubbles owing to the expansion of the plasma are studied 

experimentally and numerically. In Chapter 4, the results of the previous chapters are used to develop an 

energy balance for the processes accompanying optical breakdown. The ratio of the fraction of energy 

expended in vaporization of the fluid within the plasma volume to the fraction which is converted into 

mechanical energy provides information on the character of the laser-tissue interaction for each laser 

pulse duration. Chapter 5 describes the cavitation bubble dynamics for different ambient conditions, 

including jet formation during the collapse of bubbles near boundaries, which leads to the concentration 

of energy at some distance from the treatment site and can, thereby, cause undesirable side effects. 

Chapter 6 is devoted to the interactions which take place during application of sequences of pulses 

between the bubbles created by earlier pulses and the subsequent laser pulses. These interactions can 

reduce the efficiency of the surgical process and also produce side effects at a relatively large distance 
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from the treatment site. Tissue effects during intraocular photodisruption are studied in Chapter 7. The 

effects of the different physical mechanisms on the development of tissue effects are discussed and the 

differences in the effects of nano- and picosecond pulses are analyzed. Because femtosecond laser 

technology is currently developing very rapidly and studies of the potential for microscopic material 

processing with femtosecond pulses have begun, Chapter 8 provides an overview of the changes in 

optical breakdown that occur when the pulse duration is reduced from the nanosecond to the femtosecond 

range. 

1.4 Strategies for optimizing photodisruption 

In order to be able to optimize photodisruption with a view to minimal side effects at maximum 

efficiency, the dependence of the photodisruption process and tissue effects on the laser parameters is 

considered in each section of this dissertation. Here the important parameters are the laser wavelength, 

the pulse duration, the pulse energy, and the focal angle for the laser beam. 

The clinically useful laser wavelengths are determined from the requirements that the laser light 

should be transmitted well through the refractive ocular media, be absorbed weakly in the ocular 

background, and not dazzle the patient, so these wavelengths are restricted to the near infrared. Thus, the 

breakdown thresholds and plasma transmission were measured at 1064 nm and 532 nm, but all the other 

studies were done with an Nd:YAG laser at 1064 nm. 

The focal angle is an important design parameter for clinical laser systems and, depending on the 

position of the application site in the anterior or posterior portion of the eye, it can also be modified 

through the use of suitable contact lenses. In most of the studies discussed here, focal angles between 14° 

and 22°, which correspond to those in conventional clinical use, were employed. An extended range of 

angles, from 1.7° to 32°, was used in the studies of plasma formation in order to test the predictions of 

theoretical models and to permit an analysis of the effects of self-focussing, which mainly occur for small 

angles. 

The pulse duration affects the optical breakdown threshold and, thereby, the minimum energy 

required for photodisruption. The energy threshold for breakdown clearly falls as the pulse duration is 

reduced [Doc86b], so that the damage range of the laser pulse decreases [Vog90, Zys89a] and the 

fineness of the single-shot effects is improved. Here the effect of single laser pulses with durations 

between 80 ns and 100 fs are compared. As noted above, in the early days of photodisruption, the 

characteristics of Q-switched laser pulses lasting a few nanoseconds were mainly compared with mode 

locked picosecond pulse trains. We showed in 1986, however, that the physical process initiated by a 

mode locked pulse train is very similar to that for a nanosecond pulse, because it depends on the 

combined effect of all the pulses in the pulse train [Vog86]. Therefore, a significant reduction in the 
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threshold energy for optical breakdown and a corresponding increase in the precision of intraocular laser 

surgery can be attained only through the use of single pico- or femtosecond pulses. 

In all of these studies, the pulse energy was varied over as wide a range as possible in order to 

clarify the fundamental physical behavior and provide reliable guidelines for clinical practice. 

The results of the physical and tissue studies for different laser parameters are analyzed in 

Chapter 9 in order to optimize the parameters for intraocular photodisruption and the results of the first 

clinical trials employing picosecond pulses are reported. In addition, new applications of photodisruption 

with pico- or femtosecond pulses are discussed that go beyond the scope of current conventional clinical 

photodisruption. 
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2 Plasma formation 

In order to be able to obtain precise and well localized tissue effects, it is important to know how 

the threshold for plasma formation depends on the laser pulse duration and focal angle and how these two 

parameters influence the length and optical properties (primarily absorption and transmission) of the plas¬ 

ma for pulse energies above the breakdown threshold. The threshold for optical breakdown determines 

the minimum energy required for intraocular laser surgery and, thereby, defines a lower bound for the 

fineness of the surgical effects. The plasma length or volume determine the localizability of the direct 

laser effects. The efficiency of the surgical procedure depends on the fraction of laser light absorbed in 

the plasma. The plasma transmission, along with the angular distributions of the transmitted and scattered 

light, determine the scale of possible side effects on sensitive tissue structures, such as the retina, behind 

the laser focus. 

The studies of plasma formation presented here are divided into three areas: 1. First, the break¬ 

down thresholds will be measured for different laser parameters and the experimental results compared 

with theoretical calculations of the thresholds based on Kennedy’s (1995a) model. An extension of the 

model makes it possible to calculate the time evolution of the electron density before the threshold is 

reached. 2. For energies above the breakdown threshold, the plasma length will be studied as a function 

of the laser parameters and the results will be compared with the predictions of Docchio's (1988a) moving 

breakdown model. 3. Finally, the transmission, scattering, and reflection of the plasmas will be measured 

and the absorption coefficient of the plasmas will be determined from the plasma length and absorption. 

The experimental results will be compared with theoretical values calculated using the extended Kennedy 

model. The plasma energy density, which is the controlling parameter for the intensity of plasma induced 

mechanical effects, will also be estimated from the plasma volume and absorption. 

Plasma formation was studied for pulse durations of 6 ns and 30 ps and focal angles between 1.7° 

and 32°. The parameters studied here cover the range of focal angles employed in clinical practice and 

also make it possible to understand self-focussing effects, which occur only for small angles. In order to 

permit a comparison of the measurements with the predictions of the theoretical model, great care has 

been taken to obtain well defined experimental relationships. For this purpose, the aberrations of the 

optical system have been minimized and, as opposed to previous studies by Loertscher (1983), Docchio, 

et al. (1986b), Zysset, et al (1989), and Vogel, et al. (1994), the analysis has not relied simply on 

diffraction limited focussing conditions, but the actual focal sizes have been measured. In order to study 

the effect of aberrations on plasma formation, some additional measurements were made with known 

aberrations in the optical system. 
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The influence of self-focussing effects on the breakdown threshold, the plasma shape, and plasma 

transmission was analyzed for small focal angles. The appearance of plasma filaments [Loy73] and 

continuum emission [Smi77] was invoked as a criterion for the detection of self-focussing. In order to 

clarify the wavelength dependence of optical breakdown phenomena, the breakdown thresholds and 

plasma transmission have been measured at 532 nm and 1064 nm. Most investigations have, however, 

been done at 1064 nm, since this wavelength is optimally suited for intraocular laser surgery (cf. 2.1.1.1). 
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2.1 Theoretical background 

2.1.1 Linear and nonlinear absorption 

The absorption properties of matter depend on the intensity of the incident light The 

transmission of light to the application site for intraocular photodisruption will be determined by the 

linear absorption properties of the ocular medium. Only in the region of the laser focus will the intensity 

be high enough for nonlinear absorption processes to set in and lead to plasma formation. 

2.1.1.1 Linear absorption in ocular media 

During linear absorption single photons interact with atoms or molecules of the absorbing 

medium. Photons in the ultraviolet or visible portions of the spectrum cause electrons to be raised to 

higher energy levels or to be ionized, if the photon energy exceeds the binding energy of the electron. 

Photons in the infrared beyond about 1 pm induce rotation or vibration of the molecules. The probability 

of a single absorption event is proportional to the density of photons and, thereby, to the irradiance I. 

Wavelength / nm 

Fig. 2.1 Wavelength dependence of the direct 

transmission to the back of the eye (from 

[Boe62], smooth curve), of the transmission of 

pure water to the back of the eye (calculated 

for a Gullstrand standard eye with data from 

[Mah78], dashed curve), and the absorption of 

melanin in the retinal pigment epithelium 

(from [Gab78], dotted curve). 

Figure 2.1 shows plots of the direct transmission of the ocular medium to the back of the eye, the 

transmission through a layer of water of thickness equal to the distance between the cornea and the retina, 

and the absorption by melanin in the retinal pigment epithelium (RPE). A comparison of these curves 

shows that the optical properties of the ocular media in the infrared are determined primarily by 

absorption in water. In the ultraviolet and blue, absorption in water only plays a subordinate role. The 

absorption properties of the biomolecules [Hil80] and the relatively strong scattering of light [Boe62, 

Sch92] are more important in this spectral region. Wavelengths in the near infrared between about 800 

nm and 1150 nm are best suited for intraocular photodisruption, since here the refractive media transmit 

the laser light well and absorption by the melanin in the RPE, which could cause retinal damage, is low. 

The absorption by hemoglobin in the choroid is, likewise, low in the near infrared [Wel7, Vog92]. In 
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addition, the laser light is invisible to the patient so there is no danger of dazzling and a sudden blinking 

reaction during treatment. The available equipment in this wavelength range for treatment with 

nanosecond and picosecond pulses includes compact Nd:YAG (1064 nm) and Nd:YLF lasers (1053 nm), 

and treatment with femtosecond pulses can employ Ti:Sapphire lasers [Cer94] (central wavelength 770 

nm) orNd:Glass lasers (1057 nm) [Aus98]. 

2.1.1.2 Nonlinear absorption 

As the photon density increases, it becomes more probable that two or more photons will interact 

'simultaneously' (within a time interval At = 2k / (0L) with a bound electron. If the sum of the photon 

energies equals the excitation energy of electronic, vibrational, or rotational states, then we have 

multiphoton absorption, and if it exceeds the binding energy of the electrons, we have multiphoton 

ionization [Kel65]. The probability W of multiphoton processes has a supralinear dependence on the 

intensity of the radiation., with 

W = alk, (2.1) 

where k is the number of photons required for ionization [Nie93]. The limit k=l corresponds to linear 

absorption. With increasing wavelength, as more photons are required to provide the corresponding 

excitation or ionization energy, the interaction process becomes more strongly nonlinear and, at the same 

time, the proportionality constant a and, thereby, the probability of multiphoton processes, decreases 

sharply (cf. 2.1.4.1). 

In analyzing the role of multiphoton processes in optical breakdown, one must note that in solids 

or liquids there are no "free" electrons in the sense that there are in gases. Electrons are either bound to a 

particular molecule or in a lattice site, or they are "quasi-free", if they have sufficient kinetic energy to be 

able to move without being captured in local potential barriers. Transitions between bound and quasi-free 

states in condensed matter are the equivalent of ionization of molecules in gases. Sacchi (1991) has 

proposed, therefore, that water should be treated as an amorphous semiconductor [Wil76] and the 

excitation energy regarded as the energy required for a transition from the molecular lbi orbital into an 

exciton band (6.5 eV [Wil76, Gra79]). Six photons are necessary to produce an electron-hole pair at a 

wavelength of 1064 nm (photon energy 1.2 eV). 

If (quasi-) free electrons exist in a medium, they can absorb photons in the non-resonant process 

known as inverse Bremsstrahlung in the course of collisions with heavy charged particles (ions or atomic 

nuclei) [Rea71, pp. 261-262], A third particle (ion/atom) is necessary for energy and momentum to be 

conserved during the collision, as they cannot be conserved with only two particles (electron-photon). 

The electron gains kinetic energy during the absorption of a photon and, in a sequence of several such 

events, the energy gain can be so large that the electron can produce another free electron through 
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collisional ionization. Two free electrons with low kinetic energies are now available and they can again 

gain energy through inverse Bremsstrahlung absorption. This process leads to an avalanche growth in 

number of free electrons (and, thereby, in the absorption coefficient), provided the irradiance is high 

enough to overcome the loss of free electrons through diffusion out of the focal volume and through 

recombination. The energy gain through inverse Bremsstrahlung must, moreover, be more rapid than the 

energy loss through collisions with heavy particles. (Electron-ion collisions are not entirely elastic, but a 

small part of the electron’s energy, proportional to the ratio of the electron and ion masses, will be 

transferred to the ion.) At very high irradiance, such that the total losses can be neglected, the cascade 

ionization rate through inverse Bremsstrahlung will be proportional to the irradiance [She84]. 

While multiphoton ionization is "instantaneous," there are time constraints on cascade ionization 

because several consecutive inverse Bremsstrahlung absorption events are necessary for a free electron to 

pick up the kinetic energy required for impact ionization. When the ionization energy is 6.5 eV and the 

photon energy is, for example, 1.2 eV (k = 1064 nm), an electron must undergo at least 6 inverse Brems¬ 

strahlung events before impact ionization can occur. As mentioned above, these events can only occur 

during collisions of the electrons with heavy particles. Bloembergen (1974) estimates that in condensed 

matter the time r between collisions is roughly 1 fs. The process thus requires at least 6 fs, even at 

extremely high irradiance such that almost every collision involves inverse Bremsstrahlung absorption. 

Despite the time limits on inverse Bremsstrahlung absorption, it is the dominant absorption 

mechanism for plasma formation in condensed media (i.e., for high free electron collision rates) for pulse 

lengths > 40 fs [Stu96, Fen97]. This claim is based on the fact that the inverse Bremsstrahlung absorption 

coefficient is proportional to both the irradiance I and the free electron density, whereas multiphoton 

absorption depends only on /. As the free electron density increases during a laser pulse, cascade 

ionization becomes increasingly important compared to multiphoton ionization; within a picosecond it 

can lead to an increase in the charge carrier density by about a factor of 1012 or more [Yab72], 

Nevertheless, multiphoton ionization is inevitable in linear nonabsorbing media as the source of the first 

free electrons for the ionization cascade. 

2.1.2 Self-phase modulation 

At high light intensities the refractive index of a medium changes, as well as its absorption 

coefficient. This leads to a modulation in the wave front within the laser beam, which depends on the 

intensity distribution over the beam cross section. This spatial phase modulation brings about a change in 

the intensity distribution (self-focussing or defocussing) that, in turn, has an effect on the nonlinear 

absorption process. Furthermore, during pulsed laser irradiation, the intensity dependent change in the 

refractive index leads to a temporal phase modulation and, since the frequency of the light is proportional 
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to the time derivative of the phase, to a frequency modulation, as well. The pulse is, therefore, subjected 

to a frequency broadening, which, for sufficiently rapid variation in the refractive index can lead to the 

generation of a frequency "continuum," i.e., to the production of white light [She89, Nie93]. 

The change in the refractive index is a third order nonlinearity in connection with the electric 

field and the polarization induced in the medium by this field [Rie87, Nie93]. (Based on symmetry 

arguments, second order nonlinearities are unimportant in isotropic and point-symmetric media.) The 

change in the refractive index in transparent media is given by [Koe88] 

An0 = n2|£|2=Y/ (2.2) 

where ri2 or y are the nonlinear part of the refractive index. The change in the refractive index is 

especially large in liquids with anisotropic molecules such as carbon disulfide (CS2) and nitrobenzene 

(NB). The arbitrarily oriented molecules of the natural state reorient their polarization axes parallel to the 

external field in about 10 ps and, thus, acquire an intensity dependent anisotropic refractive index 

(molecular Kerr effect) [Rei87, She89]. The electronic Kerr effect, which is based on the deformation of 

the electron distribution in a medium induced by an external field, is about two orders of magnitude 

weaker, but has a shorter time constant of 1-10 fs [She89, Wan 89]. Since the time constant for the 

molecular Kerr effect is a few picoseconds, ri2 has a strong dependence on the pulse duration in "Kerr 

liquids" [Nie93, p. 952]. For water, on the other hand, the experimental values are roughly constant for 

pulse durations down to 150 fs (Table 2.1). Although, because of the polar nature of the water molecule, 

the molecular Kerr effect is probably also a contributing factor here, it is either weaker or its time 

constant is shorter than in the "Kerr liquids" owing to the smallness of the molecule. 

Pulse Duration / ps Wavelength / nm n2 /10 13 esu y/ 10 16 cm2 W_1 

40000 [Pai69] 694 0.9 2.9 

60 [Roc93] 532 1.3 ±0.6 4.1 ± 1.9 

30 [Smi77] 1064 1.7 ±0.85 5.4 ±2.7 

10 [Ho79] 1064 1.3 4.1 

3 [Roc97] 580 1.3 4.1 

0.15 [Nib95] 808 1.8 ± 0.16 5.7 ±0.5 

Table 2.1 Nonlinear refractive index of water for different wavelengths and pulse durations. 
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2.1.2.1 Self-focussing 

If a high intensity laser beam with a gaussian cross section propagates in water, then, according to 

Eq. (2.2), the refractive index in the center of the beam will be higher than at the edge. Therefore, the 

wave fronts move more slowly in the center than at the periphery, so that they will be deflected toward 

the axis as by a convex lens. This deflection is countered by the tendency of the beam to expand through 

diffraction. At a certain critical power 

cA2 

32n1n1 
(2.3) 

the diffraction and self-focussing for paraxial rays are exactly in balance [Mar75]. This effect depends 

solely on the laser power, but not on the intensity. If the beam cross section is reduced for a fixed power, 

the intensity and An are increased, but at the same time the diffraction induced beam divergence is 

enhanced, so that the overall result remains the same. If the laser power is raised above Pcr, the beam 

will be focussed and the radiation intensity on the optical axis will be increased, which causes the 

refractive index to rise further. Above a power threshold 

P = 3 77 p 1 cr ' 1 cr (2.4) 

this self-amplifying effect leads to an extreme focussing to a small point with very high intensity [Mar75]. 

The factor of 3.77 is derived from a numerical solution of the nonlinear wave equation for a gaussian 

beam cross section. For water, the value of n2 given in Table 2.1 for 1064 nm and 30 ps yields P'cr- 2.38 

±1.2 MW. 

In focussed beams, self-focussing causes a reduction of the "linear" focal diameter. For 

diffraction limited focussing of a gaussian beam with a power P<P'cr/4, the reduction in the focal spot 

size is approximately [Soi89] 

ay0 = o)0/^pT^ (2.5) 

At higher powers, the reduction in the focal spot size must be calculated numerically [Mar75]. 

During laser pulses with a peak power P>P'cr and a pulse duration considerably longer than the 

time constant for the intensity dependent refractive index, the site of the focus produced by collapse of the 

beam moves toward the laser along the optical axis. This motion is quite complex: when Pcr < P < 2Pcr, 

for example, the focus splits into two foci immediately after collapse of the beam, with one propagating 

forward along the optical axis and the other at first moving opposite to the beam direction and then also 

travelling in the forward direction [Loy73, She84]. In cases where the radiant intensity at the focus 

results in plasma formation, the track of the focal spot movement shows up as a plasma filament in time 

integrated photographs. 
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If the pulse duration is of the same order of magnitude as the time constant for the change in the 

refractive index, then the dynamics of the focal spot movement will be different. The leading edge of the 

pulse only "sees" a small An and, therefore, diverges as a result of diffraction. The middle of the pulse 

encounters the larger An created by the leading edge and self-focussing takes place. An increases further 

and self-focussing is enhanced in the latter part of the pulse. In this way, a funnel shaped narrowing of 

the beam cross section takes place from the front to the back of the pulse. A picosecond pulse can 

propagate a substantial distance in this state ("dynamic self trapping"), and the time integrated trace of 

this motion is a filament formed in the "neck" of the funnel [Loy73, She 75]. In liquids, where the change 

in the refractive index is predominantly caused by the molecular Kerr effect, the time constant for the 

change in the refractive index amounts to a few picoseconds [She75, Nie93] and the mechanism for self¬ 

focussing differs for nano- and picosecond pulses. The constancy of n2 for water between 60 ps and 150 

fs (Table 2.1) indicates that the time constants for the mechanisms relevant to the changes in the 

refractive index are shorter than 150 fs. The phenomenon of dynamic self-trapping should, therefore, be 

less pronounced in water for pulses lasting >150 fs than for Kerr liquids. 

The detection of plasma filaments with a diameter smaller than the diffraction limited diameter of 

the linear beam waist is good evidence of the appearance of self-focussing during laser-induced plasma 

formation. The diameter of the plasma filaments cannot, however, be arbitrarily small, for the high 

density of free electrons in the plasma makes a negative contribution to the real part of the refractive 

index, which opposes the original change in the refractive index and, therefore, has a self defocussing 

effect [Yab72, Mar75]. Assuming that the power in a filament is of order P* cr and that the radiant power 

is on the order of the threshold for optical breakdown, I(hi (so that the laser induced free electron density is 

high enough to compensate the original An), we obtain a minimum filament diameter of 3-10 pm 

[Yab72]. 

2.1.2.2 Formation of a continuum 

In addition to filament formation, the appearance of continuum radiation is a criterion for self¬ 

focussing. Smith et al. [Smi77] observed that the threshold for the appearance of a visible continuum 

during focussing of 30 ps Nd:YAG laser pulses in water always lies above the thresholds for optical 

breakdown and filament formation. They attributed this to the fact that the extraordinarily rapid time 

variation in the nonlinear refractive index during the motion of the focus produced by beam collapse (a 

rise in the refractive index during the self-focussing phase and a drop during plasma formation) produces 

an especially marked spectral broadening of the laser light through self phase modulation [She89]. The 

spectral components, which have been broadened through rapid phase modulation, will then be further 
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amplified [Smi77] by means of stimulated Raman processes and parametric four-photon interactions 

[Pen77] and can be detected easily by visual observation or photographically. 

2.1.2.3 Influence of self-focussing on nonlinear absorption 

If self-focussing effects lead to beam collapse, the local irradiance will increase suddenly, causing 

an increase of the nonlinear absorption which usually leads to optical breakdown. The pulse energy 

required for breakdown decreases owing to the beam collapse and the plasma shape is modified because 

of filament formation. The narrowing of the laser light cone changes the irradiance distribution up to a 

large distance behind the linear focus. It is, therefore, of great significance for intraocular 

photodisruption to establish the conditions under which plasma formation would be modified by self¬ 

focussing. The fact that self-focussing depends on the laser power, while optical breakdown depends on 

the irradiance, means that the relative importance of the two processes varies with the focusing angle. For 

small focal angles, higher laser powers are required to attain radiation powers sufficient for optical 

breakdown because of the large focal spot diameter. Self-focussing, therefore, becomes more important 

for smaller focal angles. It, likewise, becomes more significant as the laser pulse duration is reduced, 

since higher irradiances and, consequently, higher laser powers are then needed to produce breakdown 

[Fen97]. 

2.1.3 Thresholds for optical breakdown 

For sufficiently high irradiance, a combination of the nonlinear processes described above lead to 

an ’’optical breakdown," during which the material at the focus of the laser becomes partially or fully 

ionized. The expression is based on an analogy with electrostatic breakdown, which occurs when very 

18 
high dc fields are applied to electrical insulators [Blo74]. A critical free electron density of pcr - 10 

'3 
cm , which already produces a measurable diminution in the transmission through the laser focus, is 

customarily taken as the optical breakdown threshold [Bar68, Yab72, Blo74]. For breakdown in 

condensed matter, however, a distinctly higher electron density on the order of 1020 cm*3 or above is 

necessary [Bar68]. An electron density of this magnitude represents a degree of ionization of 1.5><10*3 in 

water [Bar68, Ken95a]. 

When nano- and picosecond pulses are employed, optical breakdown is accompanied by the 

formation of a luminous plasma [Bar68, Vog96c] that is well suited to experimental detection of its 

optical flash. With shorter laser pulses, on the contrary, there is no plasma emission in the visible region 

of the spectrum, and breakdown can only be detected by observing the formation of a cavitation bubble 

[Ham96, Noa98a]. 
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In order for an ionization cascade leading to plasma formation to occur, a few free electrons must 

be available in the focal volume at the beginning of the laser pulse. They can be produced either by 

heating of linearly absorbing impurities in the fluid or by multiphoton ionization. Because of the 

uncertainty as to whether a given irradiance will produce a sufficient number of initiating electrons for 

development of a cascade, the breakdown process is statistical in character. The breakdown threshold is, 

therefore, defined as the irradiance at which plasma formation will be observed with a 50% probability. 

2.1.4 Plasma formation at the breakdown threshold 

In order to determine theoretically the irradiance Ith required to achieve a critical electron density, 

the time evolution of the electron density p under the influence of the laser light must be calculated. The 

time evolution of the electron plasma and its energy distribution are described exactly by the Fokker- 

Planck equation [Spa81, Jon89, Stua96]. However, the scattering rates for electrons, which are required 

to solve this equation, depend on the state of the matter and are unknown for water. Therefore, a 

simplified model must be invoked for describing the development of a plasma. For this purpose a rate 

equation of the form 

~j~ ~ fynp "I" f?casc P ~ &P ~f?rec P s (2*6) 

applies, where the first two terms represent the production of free electrons through multiphoton and 

cascade ionization, and the last two the losses through diffusion of electrons out of the focal volume and 

recombination. A similar approach has been followed by previous authors [Smi76, She84, Ken95a, 

Niem95, Stua96, Noa98a], however, only Stuart (1996) and Noack (1998a, Noa99) have considered all 

the terms. The cascade ionization rate and the diffusion loss rate are proportional to the number of 

2 
already produced free electrons, while the recombination rate is proportional to p, as it involves an 

interaction between two charged particles. 

Equation (2.6) is based on the assumption that the ionization and loss rates do not vary during 

breakdown. This seems to be correct for ultrashort pulses, as the lattice temperature can barely change 

during a pulse [Stu96]. For nano- and picosecond pulses, however, such a simplification is too crude, as 

the increase in the free electron density is accompanied by a rise in the temperature and pressure, which 

leads to a transition from a fluid state of aggregation to a supercritical state in which the "amorphous 

semiconductor" band structure (cf. 2.1.1.2) is lost and the water molecules dissociate [Rob96]. 

Obviously, in the end phase of the ionization avalanche, one can no longer assume an energy of 6.5 eV 

for the production of quasi-free electrons, but must rely on the ionization energy for the water molecule, 

12.6 eV, or its dissociation products (13.6 eV for both hydrogen and oxygen). This trend is opposed by 

the fact that the gain in temperature and pressure in the focal volume leads to a change in the Boltzmann 
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distribution of the electrons and, thereby, on the average, to a simpler ionization process. 

If the free electron density p is high enough that the plasma frequency 

„ 2 
2 pe 

® p=~- 
me£o 

(2.7) 

equals or exceeds the angular frequency (0L of the incident light, the bulk of the light will be reflected 

and further energy coupling is prevented [Hug75]. (me is the mass of an electron, e is the charge on an 

electron, and £0 is the vacuum dielectric permittivity.) The "plasma frequency" is the frequency at which 

displaced electrons oscillate about their equilibrium position. If the plasma frequency exceeds that of the 

light, then the electron motion can follow the laser frequency. The medium is then highly reflective and 

has a high absorption coefficient. The critical electron density for the case cop = coL is 

-4^ (2.8) 
e 

For X = 1064 nm it amounts to 1.0 x 1021 cm'3, i.e., it lies about an order of magnitude above the 

threshold for plasma formation. 

Any change of the ionization rate because of a disintegration of the band structure, a change of 

the Boltzmann distribution, or an increase of the reflection from the plasma happens at the end of the 

ionization avalanche. It does, indeed, modify the attainable electron density, but probably has little 

influence on the threshold for optical breakdown. 

In the following the individual terms in the rate equation (2.6) will be discussed in the form 

presented by Kennedy [1995a]. 

2.1.4.1 Multiphoton ionization 

The dependence of the transition rate for electrons between the conduction and valence bands on 

the irradiance / was first calculated quantum mechanically by Keldysh [Kel65]. The radiation field was 

described classically as a plane wave. The transition rate (for simplicity, referred to as the "ionization 

rate" below) is calculated from the wave functions for the free and bound ground states of the electron. It 

is a function of the frequency of the electromagnetic radiation. The transition can take place through a 

multiphoton interaction, as well as through tunneling of the band gap for sufficiently high electric fields. 

If the period of the applied field is shorter than the time for the electrons to cross the barrier, then 

multiphoton ionization will predominate. This is the case for the irradiances considered by Keldysh 

[Kel65] and in the present work. The multiphoton ionization rate per unit volume and time can then be 

written approximately as [Ken95a] 

,Jt 
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where 

and 

A = - 
2co, ( m'co 

9 K 

3/2 

e2K<S>\ 

1/2 

B = - 
\6m'AEa)’lc£onQ 

O(z) is the Dawson integral 

3>(z) = e-*2Jey2dy = e~^ ^[z2"+l/n!(2«+l)]. 
0 «=0,o 

Here k is the minimum number of absorbed photons required to surmount a band gap of width AE, 0)L is 

the angular frequency of the incident light, e is the electronic charge, m'~me/2 is the reduced exciton 

mass, c is the speed of light in vacuum, £0 is the vacuum dielectric permittivity, and n0 is the refractive 

index at frequency COL . 

If the laser light interacts with the medium for a time At, a free charge carrier density 

p=AtW = AtA(BI)k (2.10) 

will be produced. Equation (2.10) yields the threshold Imp for optical breakdown through pure 

multiphoton ionization, and if p is set equal to the critical electron density pcr, then 

\Mk 

(2.11) / =l(jv| 
mp B ' ‘ AAt J 

The threshold Im for production of the minimum free electron density Pomin required for initiation of 

cascade ionization is, accordingly, 

2 [ Pom 

B\ AAt' 

1 Ik 

(2.12) 

2,1.4.2 Cascade ionization 

If quasi-free electrons are already present in the focal volume of the laser beam, they can absorb 

electrons in the course of collisions with heavy particles (inverse Bremsstrahlung, cf. 2.1.1.2). The quasi- 

free electrons can produce more free electrons through impact ionization as soon as their kinetic energy 

has reached the band gap energy of the water molecule in the course of a series of collisions. As the new 

free electrons created in this way are also accelerated in the conduction band, avalanche multiplication of 
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the charge carriers takes place. If an electron does not absorb a photon during a collision with the much 

heavier molecules, it loses energy, rather than gaining it, in this collision. 

Following Shen (1984), Kennedy described the average electron energy £ in terms of a classical 

model for the electron, which moves freely among the atoms until collisions occur. The average electron 

energy obeys the following equation: 

de__r_£^r_ 2me col re 

dt mec no£o(col r2+l) Mw(o)\ T2+l) 
(2.13) 

Here me and Mw are the masses of the electron and water molecule, respectively, and % is the mean time 

between collisions. The first term represents the energy gain through inverse Bremsstrahlung and the 

second, the collisional energy loss. Assuming that every electron whose energy exceeds the band gap 

energy AE immediately produces another free electron through collisional ionization, we obtain the 

cascade ionization rate 7]casc per electron by dividing Eq. (2.13) by AE: 

2_ ,^2 
_e_T_ r 

me c no£0((ol T2 +1)A£ Mw{(D2l t2+1) 

Here we have assumed for simplicity that the average energy £ of all the quasi-free electrons equals 

AE/2. 

Using Eq. (2.14), Kennedy (1995a) derived an expression for the intensity Ic required to attain the 

critical electron density pcr when thermal ionization or multiphoton ionization have already produced an 

initial electron density p0 and cascade ionization predominates as breakdown evolves further. Kennedy 

started with a simplified form 

% = toam-g)P (2-15) 
at 

of the rate equation (2.6). Equation (2.15) has the solution 

p(0 = Poe(?w_g)' (2.16) 

Attainment of the critical electron density pcr during a breakdown time At requires a critical ionization 

rate T}cr. Equation (2.16) yields 

(2.14) 

(2.17) 

Setting I-Ic in Eq. (2.14) yields a second relationship for j\cr. On substituting Eq. (2.17) in Eq. (2.14), 

we obtain the cascade ionization threshold Ic, 
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( mecn0£QAE(O)l 

t J_s At [po J 

cnoSpAE 

Mwe2 
(2.18) 

Here it is assumed for simplicity that the intensity of the light is unchanged during the time interval At. 

2.1.4.3 Diffusion and recombination losses 

A portion of the free electrons produced by multiphoton or cascade ionization will diffuse out of 

the focal volume during the laser pulse and no longer contribute to the ionization cascade. The rate g at 

which electrons diffuse out of the focal volume is 

g = D/ A2, (2.19) 

where D is the diffusion coefficient and A is the characteristic diffusion length. The diffusion constant 

D = ve l / 3 [Zel66] is determined by the average electron velocity ve = yj2£ !me and their mean free path 

length l ~Tve: 

D = 2EtI 3me ~ AEt /3me. (2.20) 

Assuming a cylindrical focal volume with a diameter equal to the focal diameter 2 co0 of a gaussian beam 

and a length equal to the Rayleigh length zR - tudI / X, the diffusion length is [Smi76] 

ijMfilf 
A2 (<*>0 J , (2.21) 

The significance of the electron losses through diffusion out of the focal volume can be evaluated 

by comparing the values ofg and At~] In(pcr /p0) in Eq. (2.18). For a 10 ns laser pulse duration, a 10 

15 20 *3 
pm focal spot diameter, an average time t = 10 s between two collisions [Blo74], and pcr = 10 cm , 

electron diffusion changes Ic by less than two percent. Thus, diffusion losses begin to play a significant 

role in the optical breakdown of condensed media only for pulse lengths well over 10 ns. 

Electron losses through recombination, i.e., through transitions from the conduction into the 

valence band, were completely neglected by Kennedy. The neglect of recombination losses is, however, 

only permissible for low electron densities. Because they are proportional to p2, recombination losses 

play an increasingly important role as the electron density increases. The main effect of these losses is a 

limitation on the maximum electron density that can be attained during breakdown, but they have little 

influence on the threshold value (cf. 2.3.1.6). 

I am unaware of any theoretical derivation of the recombination rate 77rec in water. Docchio 
-9 3 

[88d] obtained a value of 7]rec * 2 x 10 cm /s from an analysis of the duration of the plasma light 

emission during optical breakdown with picosecond pulses. 
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2.1.4.4 Analytical calculation of the threshold 

Kennedy (1995a) was the first to calculate the threshold intensity Ith for producing the critical 

electron density for optical breakdown. In order to avoid having to solve the rate equation (2.6) 

numerically and to obtain analytic formulas for calculating the threshold intensity, he made a few 

simplifying assumptions: 

1. Kennedy assumed that the intensity of the light is constant during the laser pulse. The 

ionization rate is, therefore, time independent. 

2. Charge carrier production was divided into two steps that follow one another in time. In the 

first step an initial electron density pQ is produced by multiphoton ionization. It is then raised to the 

critical electron density by pure cascade ionization over the rest of the pulse. Dividing the breakdown 

process into two phases makes it possible to determine the threshold Im for production of seed electrons 

using Eq. (2.12) and the threshold Ic for attainment of the critical electron density through an ionization 

cascade using Eq. (2.18). The radiation intensity 7m/J, above which the critical electron density for optical 

breakdown can be reached through multiphoton ionization alone, can be calculated using (Eq. (2.11)). 

3. It was assumed that a tenth of the laser pulse duration tL is available for production of the 

initial electrons through multiphoton ionization. A time of 0.94 was assumed for completion of the 

ionization cascade in the case of femtosecond pulses and a time At = 0.5 tL for picosecond and 

nanosecond pulses. (This quite arbitrary distinction was justified by the assumption that, in long pulses, 

the critical electron density is reached right at the time of the intensity peak of the pulse.) 

4. The initial density Pomin of free electrons required for onset of the ionization cascade was 

calculated assuming that a constant number N0min of initial electrons (N0min = 1 for ns-pulses and N0min 

= 10 for ps-pulses) are required for initiation of the ionization cascade, regardless of the focal volume. 

Pomin is then given by Pomin ~ ^Omin^Fin terms of the focal volume Vr, which is approximated by a 

cylinder with diameter 2 co0 and length zR = na>l / A. 

5. For pulse durations in the nanosecond and picosecond range, the attainment of a critical 

20 -3 

electron density pcr = 10 cm was used as a breakdown criterion based on the estimate of Bames and 

Rieckhoff (1968) for the plasma electron densities obtained with ns-pulses. For pulse lengths < 3 ps, it 

18 -3 

was assumed that pcr = 10 cm . The lower value of pcr for ultrashort laser pulses was motivated by the 

absence of visible plasma light. The average time x between collisions of free electrons with heavy 

particles was taken to be x = 10 s following Bloembergen's estimate for condensed matter [Blo74]. 
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Which of the calculated threshold intensities Im Ic, or Imp represents the actual threshold /,/, for a 

given laser pulse duration depends on the importance of multiphoton and cascade ionization in the case at 

hand, which, in turn, depends on the pulse length and wavelength of the laser. Three scenarios can be 

distinguished: 

1. Long pulses. Long laser pulses imply that a relatively long time is available for charge carrier 

multiplication through cascade ionization. Thus, the threshold Ic is lower than the threshold Im for initial 

charge carrier production through multiphoton ionization. In pure media, Im corresponds to the measured 

threshold, since multiphoton ionization is necessary for production of the initial electrons. In media with 

linear absorption or impurities, where enough initial electrons can be formed by thermal ionization, the 

measured threshold is given by Ic. 

2. Short pulses. The time available for the ionization avalanche is reduced, so that a higher light 

intensity is required to reach the critical electron density. As the dependence of the multiphoton 

ionization rate on the intensity (r}mp ®« /* Eq. (2.9)) is much stronger than that of the cascade ionization 

rate (7}casc / if losses are neglected, (Eq. 2.14)), multiphoton ionization contributes increasingly to the 

production of free electrons throughout the whole laser pulse. Thus, we now have Ic > Im and the 

measured threshold lies between Ic and Im. Impurities now scarcely cause a drop in the measured 

threshold, since the decisive barrier to breakdown is no longer the production of initial electrons, but 

completion of the ionization cascade during the laser pulse. 

3. Ultrashort pulses. For pulse durations of «1 ps, cascade ionization alone cannot cause 

optical breakdown no matter how high the radiation intensity, since every doubling of the electron density 

in the cascade requires a time of at least 6 fs (cf. 2.1.1.2). In the limiting case of extremely short pulses 

with T < 40 fs, the number of electrons produced by multiphoton processes ultimately outweighs the 

contribution from cascade ionization [Stua96, Fen97]. The measured threshold is now given by the 

intensity Imp which is necessary for production of the critical electron density pcr predominantly through 

multiphoton processes. 

Despite a few somewhat arbitrary assumptions, Kennedy's attempt at calculating the threshold 

was an important contribution to understanding the mechanisms for optical breakdown, because the 

separate specification of the thresholds Im, Ic, and Imp facilitated the identification discussion of the roles 

of multiphoton and cascade ionization for different laser pulse lengths. Kennedy's approach will be 

followed here for a first analysis of the experimental data. Afterwards, the solutions of the rate equation 

(2.6) will be presented in order to reduce the number of arbitrary assumptions in calculating the 

breakdown threshold Ith, to account for the interplay between multiphoton and cascade ionization during 

the entire laser pulse, and to be able to follow the evolution of the electron density during breakdown. 
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2.1.4.5 Solution of the rate equation for the electron density 

The time evolution of the electron density, p(r), is calculated for laser pulses with a gaussian 

time variation [Noa98a,Noa99]. Since free electrons must exist in the interaction volume for cascade 

ionization to occur, the term for cascade ionization is first included when the free electron density owing 

to multiphoton ionization has increased to the point where a statistical average of 0.5 electrons exist 

within the focal volume Vf. Optical breakdown should follow with 50% probability. In order to account 

for the time Zion = Z k required for an electron to acquire the band gap energy AE through inverse 

Bremsstrahlung absorption and produce another free electron (cf. 2.1.1.2), the contribution of cascade 

45 

ionization is evaluated using the electron density that was present at time (t—zk), with x = 10 s 

[Blo74]. In order to determine the breakdown threshold, the laser pulse intensity that yields a critical 

electron density of 1020 cm'3 is calculated iteratively. 

2.1.5 Absorption coefficient of the plasma at the breakdown threshold 

The time evolution p(t) of the electron density calculated from Eq. (2.6) and the inverse 

Bremsstrahlung cross section aa can be used to calculate the time averaged absorption coefficient aLm 

of the plasma for energies near the breakdown threshold, 

jmpw 

auB=°“ \im ■ 
(2.22) 

Here I(t) is the time variation of the laser pulse. The inverse Bremsstrahlung cross section corresponds to 

the first term in Eq. (2.13), 

e2z 

mecn0£0(col T2+l) 
(2.23) 

which gives a cross section of 1,934x10 cm for A = 1064 nm. 

2.1.6 Plasma formation above the breakdown threshold 

Plasma assisted laser surgery will always be performed at radiation intensities above the 

breakdown threshold, i.e., under conditions such that plasma formation begins at the laser focus and the 

plasma grows backward into the laser beam cone [Ram64a], Because of the strong absorption of the laser 

light in the plasma, the plasma growth is largely limited to the side from which the laser beam is incident. 

An understanding of the mechanisms for the plasma growth and of the behavior which regulates the 

overall length of the plasma is essential for optimizing plasma assisted surgical procedures. This need is 

especially important for intraocular microsurgery, in which the application site is often adjacent to 

sensitive tissue structures that must not be affected. 
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The expansion of plasmas in gases has been interpreted as a radiation driven detonation wave 

[Ram64b, Dai67]. After plasma is first formed at the beam waist, a shock wave develops which 

compresses the surrounding medium and partially ionizes it within the shock front. The resulting free 

electrons cause increased absorption of the light and, thereby, the formation of more plasma. The 

advance of the plasma front, in turn, drives the shock front. This model can provide a correct description 

for plasma formation in gases by nanosecond pulses, where high shock speeds are attained, along with 

high temperatures in the shock front [Rai66], but it breaks down for short pulse durations, when the 

velocity of the plasma front exceeds the shock velocity. It is entirely unsuitable for describing the plasma 

growth in liquids. This failure can be illustrated by the following example: plasma formation in water by 

a 10 mJ, 6 ns Nd:YAG laser pulse creates a shock front in the water with a shock pressure at the plasma 

boundary of about 7000 MPa [Vog96a]. This corresponds to a temperature rise at the shock front of 

about 350 K [Duv63]. which is far too low to cause significant ionization. In addition, the shock speed 

near the plasma is only 4.5 km/s [Vog96a]. This is much lower than the experimentally observed average 

plasma front velocities, which lay between 12 km/s and 76000 km/s, depending on the focussing angle 

and pulse duration (cf. Section 2.3.2.2). 

A realistic explanation for the expansion of the plasma is provided by the "moving breakdown" 

model originally proposed by Ambartsumyan [Amb65] and Raizer [Rai65] and further developed by 

Docchio, et al. [Doc88a]. In this model, it is assumed that optical breakdown is independent of the 

preceding plasma formation and occurs wherever the radiation intensity exceeds the breakdown threshold 

Ith. As the intensity in the laser pulse increases, the plasma front moves along the optical axis at the same 

velocity as the site where the breakdown threshold is exceeded at any given time. This model can explain 

the high plasma front velocities observed experimentally and, therefore, will serve as a basis for 

interpreting the following experimental results. 

The original moving breakdown model was based on a conical shape of the laser beam and a 

triangular laser pulse shape with a linear rise in the laser power [Rai65]. This yielded a constant plasma 

front velocity during the rising portion of the laser pulse, contrary to experimental observations with a 

streak camera [Ram64ab, Dai67]. Docchio applied the concept of a moving breakdown front to pulses 

with a gaussian time variation and took the shape of the beam waist of the laser focus into account, 

assuming a gaussian beam cross section. In this way, he obtained substantially better agreement between 

the predicted and measured motion of the plasma front [Doc88a]. 

The form of the moving breakdown model presented by Docchio is based on a few simplifying 

assumptions: 1. The time for the completion of breakdown is negligibly short. 2. The breakdown 

threshold is independent of the laser beam diameter. 3. The breakdown threshold does not vary during 

the laser pulse, i.e., plasma formation during the pulse does not influence the breakdown threshold in the 
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immediate neighborhood of the plasma. These assumptions yield the motion of the plasma front and the 

maximum extent of the plasma in the direction of the laser directly from the motion of the I-Ith intensity 

contour during the pulse. The incident laser power is given by 

P{t) = Pmme-2{,nA)'1 (2.24) 

for a gaussian pulse with a maximum at t=0, where A = tL /2v21n2 is a measure of the laser pulse 

duration (FWHM) tL. For diffraction limited focussing, where the beam cross section is also gaussian, the 

intensity along the optical axis is 

/(z,0= ~%' e~2(,l2A)2 (2.25) 
KCOZ(z) 

where 

(0{z) = (0a\ + {z/zRf\m, (2.26) 

and zR =7to)q / A is the Rayleigh focal distance. 

The peak intensity in the pulse compared to the threshold for optical breakdown is defined in 

terms of the dimensionless parameter ft = Imax / Ith = Pmax / Pth. Pmax can thus be written in the form 

Pmax=pnalllh. (2.27) 

Setting I(z,t) = Ith in Eq. (2.25), substituting Eqs. (2.26) and (2.27), and solving for t, we obtain the 

time for plasma formation as a function of position z along the optical axis, 

t(z) = -A 21n-£-j. (2.28) 
V 1 + (z/zR)2 

The time at which plasma formation begins in the beam waist is then given by tQ = tr=0 = -Ayjlln . 

The inverse of Eq. (2.28) is 

z(t) = zR^Pe~2<l,2A>2 -1. (2.29) 

For t = 0 this gives the maximum plasma length attained at the intensity maximum of the laser pulse, 

zmax — ZR yjP • (2.30) 

The laser light incident on the plasma after the intensity peak of the laser pulse only heats the plasma and 

does not elongate it further. 

Equation (2.30) also yields the relationship between the length of the plasma and the focal angle 

0 upon substituting zR- ncol / A and co0 - XI n tan(0 / 2): 

Z max 

A 

nr tan 2 (0/2) 
V/3-i- (2.31) 
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The dependence of the plasma length on the laser pulse duration is only implicit in Eqs. (2.30) and 

(2.31). Evaluation of these dependencies requires knowledge of the threshold energy Eth for optical 

breakdown for the given pulse length. Since j3 = Imax/1th = E/Eth for constant focal conditions, the value 

of p corresponding to each pulse energy can then be determined from Eth and, from that, znmx can be 

calculated. 

At this point it should be emphasized that Eqs. (2.30) and (2.31) only give the length of the 

plasma from the beam waist in the direction of the laser. The actual plasma length is, as a rule, somewhat 

greater, for there is also some expansion of the plasma in the direction opposite the laser. Of course, this 

expansion is greatly limited by the high absorption of laser light in the plasma. As will be shown in 

2.3.2.4 and 8.2.5, only when self-focussing and defocussing occur will plasma filaments develop in the 

region behind the laser focus. 

The moving breakdown model is no longer applicable for long laser pulse durations and large 

focal angles, when the expansion velocity of the heated plasma volume becomes comparable to the 

propagation velocity of the breakdown front. For very short laser pulse durations, where the spatial 

extent of the laser pulse is shorter than the observed plasma length, the assumptions of the model are, 

likewise, not satisfied. In this case, for pulse lengths under about 1 ps [Ken97, Noa97], the breakdown 

front moves in the propagation direction of the laser pulse. This movement will be affected in a 

complicated way by self-focussing, which will modify the focal region intensity distribution of Eq. (2.25) 

(cf. Section 8.2.5 and [Fen87, Noa87]). In the following, the predictions of the model for different focal 

angles will be experimentally checked for 30 ps and 6 ns pulse lengths. 
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2.2 Experimental techniques 

2.2.1 Plasma formation 

The experimental setup for studying plasma formation is shown in Fig. 2.2. A Nd:YAG laser 

system (Continuum YG 671-10), which produced single pulses lasting 6 ns or 30 ps at wavelengths of 

1064 nm or 532 nm, was used. The beam profile of the ps-pulse was gaussian (TEMoo) and the shot-to- 

shot variation in the energy was within ±10%. The ns-pulses were produced in an unstable cavity in 

which the reflectivity of the output mirror decreased continuously from the inside outward [Mag89]. This 

cavity yielded a roughly gaussian beam profile with a weak ring structure (Fig. 2.3a). The shot-to-shot 

reproducibility of the energy was better than ±2%. The average pulse shape of the ns-pulses is shown in 

Fig. 2.3c. The relative height of the two intensity maxima fluctuated slightly from shot to shot. The pulse 

energy could be varied without affecting the beam profile using a rotatable A/2-plate between two 

polarizers [Vog94a]. 

Fig. 2.2 The experimental 

arrangement for studying 

breakdown thresholds and 

plasma lengths. 

Fig. 2.3 Near-field burn spots 

from (a) a 6-ns pulse and (b) a 

30-ps pulse on thermal print 

paper and (c) the pulse shape 

of the 6-ns pulse averaged 

over 500 pulses. 

The laser beams were focussed into a glass cell containing distilled water. The focal angles (1/e2 

drop in the light intensity) were varied between 1.8° and 32° for the ns-pulses and between 1.7° and 28° 

for the ps-pulses. The laser beam was expanded before focussing in order to ensure a large distance 

between the focus and the cell wall even for large focal angles. In this way, damage to the cell could be 

avoided at high pulse energies. Nd:YAG laser achromats (f = 120 mm) were used to collimate and focus 



PLASMA FORMATION 28 

the laser beam and an ophthalmological contact lens (Rodenstock RYM) was installed in the cell wall in 

order to minimize spherical aberration. The laser focus lay at the aplanatic point of the contact lens. 

Different focal angles could be obtained by varying the beam expansion before focussing. The upper 

limit of the beam expansion is determined by the requirement that the beam profile should not be changed 

by vignetting at the lens mount. In order to achieve the largest focal angles (28° and 32°), suitable 

aplanatic meniscus lenses had to be installed between the focussing achromats and the contact lens. In 

order to obtain the smallest focal angles, the beam expansion was removed. 

The energy was measured by deflecting part of the beam with a beam splitter and directing it onto 

a pyroelectric detector (Laser Precision Rj 7100). The detector was first calibrated by comparison with 

the readout from a second instrument installed right in front of the cell. In order to determine the energy 

at the laser focus, the measured energies were corrected for the absorption of the light in the water 

between the contact lens and the laser focus. (The optical path length was 9 mm and the absorption 

coefficient of water at 1064 nm is a - 0.165 cm [Mah78].) 

In order to obtain reproducible experimental conditions we used distilled water as the medium for 

optical breakdown. The water was additionally purified prior to the measurements using a 0.22 pm filter 

(Millipore Sterfil-D-GS). The results, however, are transferable to ocular media, as it has been 

established in previous studies that the thresholds for plasma formation with ns- and ps-pulses in ocular 

media and distilled water are very similar [Doc86a, Vog94b]. 

2.2.2 Determination of the focal angle and focal spot diameter 

The focal angle 0 was determined by measuring the diameter of the parallel beam in front of the 

focussing lens and calculating the further propagation of the light using a ray tracing program. The beam 

diameter was determined by measuring the transmission through a sequence of successively smaller 

apertures. For a gaussian beam profile, the transmission of the apertures is given by [Koe88] 

T = l-e~2l'ralo>)1 (2.32) 

where ra is the aperture radius and co is the beam radius at the 1/e2 intensity points. In order to determine 

co, the function (2.32) was fit to the measured T(ra) data with co as the fitting parameter. 

The focal spot diameter was determined using the knife edge technique [Nah96, Sie91 ]. The 

knife edge was moved by a piezoelectric translator whose position was measured with a Michelson 

interferometer (Fig. 2.2). The laser pulse energies used for these measurements were kept small enough 

to avoid plasma formation and the resulting damage to the knife edge. The laser beam diameter was 

measured in different planes in the beam waist region. The shape of the beam waist is given by [Sas89] 



2.2.3 Determination of the breakdown threshold 

The breakdown thresholds were determined from the frequency of plasma formation as the 

energy was raised in steps from subthreshold to above threshold levels. 20 to 50 laser shots were 

evaluated for each value of the energy. The pulses were spaced 30 s apart in order to prevent plasma 

production on the gas bubbles which remain near the laser focus for several seconds after each laser shot. 

Optical breakdown was detected through the visible plasma radiation in the darkened laboratory. For this 

purpose, the region of the laser focus was observed with a microscope at a 20-time magnification. In 

order to determine the energy E(h for a 50% breakdown probability, the measured relative breakdown 

frequencies were plotted as a function of the incident energy E.n and fit to a gaussian error function. The 

slope of the breakdown threshold, S' = EJAE\ was also determined. Here AE' is the energy interval 

between 10% and 90% breakdown probabilities. 

2.2.4 Determination of the plasma shape and length 

The plasma shape and length were studied by photographing the plasmas at a 7 times 

magnification with a Leitz-Photar macro-objective (F = 3.5). This objective provided a spatial resolution 

of about 4 pm. Depending on the brightness of the plasma light, Kodak T Max 400 (for ps-plasmas), 

Kodak T Max 100, or Agfapan APX 25 (for ns-plasmas) films were used. In order to indicate the 

position of the beam waist on the plasma photographs, a needle tip was positioned above the spot where 

plasma would form at the breakdown threshold. The plasma length zmax from the beam waist in the 

direction of the laser was measured on the photographic negatives with the aid of a microscope. In order 

to detect self-focussing, the negatives were searched for signs of filament formation. In addition, 

observations were made to see if continuum radiation appeared on a white screen mounted behind the 

cell. Continuum radiation is indicative of self-focussing effects (Section 2.1.2.2). The radiation was 

recorded using a 35 mm camera body in the path of the beam behind the cell. 
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2.2.5 Determination of the optical properties of the plasma 

2.25.7 Total and time resolved transmission 

The total and time resolved plasma transmission were measured using the setup of Fig. 2.4. 

(a) Q Detector 1 

10 : d 

(C) Q[ 

s | (3 cO 
^ J Detector 2 

Fig. 2.4 Experimental setup for the 

determination of the transmission, 

scattering, and reflection by the plasma, (a) 

Total time integrated transmission 

(detector 2 = energy meter) and time 

resolved transmission (detector 2 - 

photodiode); (b) angular dependence of the 

transmission and scattering by the plasma; 

(c) back reflection into the focal angle. 

The transmitted light was collected by a large aperture biconvex lens (N.A. = 0.55) onto a detec¬ 

tor behind the cell. For any focal angle of the incident laser light, only transmitted light within the same 

angle would be collected. Stray light outside this angle was blocked by an iris diaphragm. In order to 

determine the energy £/„ incident on the laser focus, detector 1 (Laser Precision Rj 7100) was calibrated 

against a second energy meter directly in front of the cell and the measured value was corrected for 

absorption in the water between the contact lens and the focus. The transmitted energy Eout was measured 

by detector 2 (Digi Rad R-752/P-444). In order to account for the light lost through absorption in the 

water and reflection on optical surfaces, detector 2 was calibrated against detector 1. Here it was assumed 

that well below the breakdown threshold, 100% of the incident light would be transmitted through the 

laser focus so that the losses will be caused exclusively by absorption in the water and reflection. In 

determining the plasma transmission for the 6-ns pulses, measurement data were recorded for 20 pulses at 

each energy setting (shot-to-shot variation 2%) and the transmission was calculated from the averaged 

values of Ein and Eout. In the case of the 30-ps pulses, for which the variation in the pulse energy was 

much greater (±10%), another strategy was followed. A large number of (Ein , Eoui) data in various ener¬ 

gy ranges were recorded and grouped, using a computer program, into intervals of Ein with a maximum 

width of 3%. Each interval contains at least 10 (Ein , Eout) pairs, which were then used to calculate the 
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average transmission for the respective energy interval. Special attention was devoted to the energies 

near the breakdown threshold. Here it was noted whether plasma was formed or not in each laser shot, 

and the transmission data with and without plasma formation were evaluated separately. 

The time resolved transmission was measured by means of a fast photodiode (Motorola MRD 

500) with a risetime of 1.2 ns. The plasma light was blocked with an Schott LG 840 filter in front of the 

photodiode. The diode signal was recorded with a digital oscilloscope (Tektronix TDS 540; risetime 0.7 

ns) and 1000 laser pulses were averaged for each energy setting. The laser was run at a repetition rate of 

2 Hz, in order to avoid, as much as possible, any interaction of the laser pulses with the gas bubbles 

generated during previous pulses, which remained in the focal region for a while after each pulse. 

2.2.5.2 Scattering 

The forward scattering by the plasma was determined using the goniometric apparatus of Fig. 

2.4b for measuring the angular dependence of the plasma transmission and scattering above and below 

the breakdown threshold. The photodiode was rotated around the plasma in steps of 2° for a < 10° and in 

steps of 5° for a> 10°. The measurement region was limited to a maximum of 45° by the dimensions of 

the cell. The angular resolution was 0.2°, determined by the diameter of the detector area of the diode (1 

mm) and the distance between the diode and the plasma (300 mm). The angle y at which the light left the 

focal region was calculated by deducting the refraction at the cell wall from the angle a in the gonio¬ 

metric apparatus. For each angle, the diode signal was averaged over 1000 laser pulses on a PC. The 

angular dependence of the transmission and scattering were measured for normalized energies of ft =0.5 

and p = 15. 

The time integrated diode signal for each angle y is proportional to the energy per steradian, 

Pt+s • The radiation dET+s transmitted and scattered into the element of solid angle dQ = 2 ;rsin y dy is 

dET+s = 27ipT+s(y)smydy, (2.34) 

and the total transmitted and scattered energy is given by 

Et+s = 2nj pT+s (y) sin ydy. (2.35) 

When a plasma is produced in the focal volume, it reduces the transmitted energy through plasma 

absorption and the angular distribution dET+s (y) of the radiant energy behind the focus is broadened by 

scattering in the plasma. In order to determine the extent of forward scattering for P = 15, it is necessary 

to compare the angular distribution for this value of p with the distribution obtained without a plasma. 

This can be done by measuring the energy distribution below the breakdown threshold, for example, for 

P =0.5. The distributions are normalized relative to one another by introducing the measured value of 
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T(P = 15) for the total transmission within the focal angle 0, which is obtained in a separate 

measurement, as described in Section 2.2.5.1. The normalized Pt+s(Y) and dET+S(y) curves must 

satisfy the condition 

e/2 

\ Pt+S (.7) super d7 

=lh-= T(P), (236) 

jpr+s(r)s„6 sin rdy 
-0/2 

where the subscripts super and sub denote the cases with and without plasma formation. The forward 

scattering through the plasma can be estimated by comparing of the area under the normalized curves 

inside and outside the laser beam cone. 

2.2.5.3 Reflection 

The experimental apparatus in Fig. 2.4c was used to measure the amount of light that is back 

reflected from the plasma into the cone angle of the focussing optics. First, an aluminum mirror was 

placed in the laser focus and a measurement was made at an energy low enough that no plasma was 

produced on the mirror. In this way, the calibration factor between the two energy monitors could be 

determined from the known reflection of the aluminum mirror (about 80%). The mirror was then 

removed and the plasma reflection for a 6-ns pulse was measured for normalized energies in the range 3.5 

< /3 < 5.5 and for 30-ps pulses for energies in the range 1.5 < yS < 4.3. Data from 100 laser shots were 

averaged for each measurement. 

2.2.5.4 Absorption 

A direct determination of the plasma absorption would require measurements using a water filled 

integrating sphere. Measurements of this sort are barely feasible, since at 1064 nm water is a relatively 

strong absorber (the absorption coefficient is 0.165 cm*1), so that the distribution of the light is no longer 

uniform even in a small sphere with a diameter of just a few centimeters. The plasma absorption A was, 

therefore, calculated from the measured values of the transmission T, scattering S, and reflection R, i.e., 

A=l-T-S-R. 

2.2.5.5 Plasma radiation 

The duration of the plasma radiation was measured by imaging the plasma with a photographic 

objective (Pentax 50 mm/1.8) onto the detector plane of a fast, amplified photodiode (Opto-Electronics 

AD 110) with a risetime of 380 ps. The signal from the diode was recorded on an analog storage 
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oscilloscope (Tektronix 7934) with a 700 ps risetime. Stray light from the laser was blocked with an 

Nd:YAG blocking filter. For a comparison, the corresponding laser pulse shape was recorded using a 

photodiode (Antel AR-S1 with a 90 ps risetime). 

2.2.6 Examination of the effect of aberrations on plasma formation 

A study of the influence of aberrations on plasma formation was made for 6 ns pulses at a 

wavelength of 1064 nm. Spherical aberrations of known magnitude were produced in the optical system 

of Fig. 2.2 by replacing the achromats Li and L2 with planoconvex lenses (the achromats reduce 

spherical, as well as chromatic, aberrations) and a larger beam expansion was used (f- -30 mm instead of 

/ = -40 mm). The extent of aberrations can be described in terms of an aberration function F, which gives 

the displacement of the disturbed wave front relative to a perfect spherical wave front. For a planoconvex 

lens with a focal length/ radius ra, and refractive index n0, we have [Aar74] 

®(p)=- 
(rn P)4 
32 fl 

”o t (2«02 — w0 — 4)~ 

”o+2 «oK+2X«o-2)2 
(2.37) 

where p = r / ra and r denotes the distance to the optical axis. The maximum Omax of the aberration 

function is determined by the size of the lens aperture, ra. For a ray bundle with a gaussian intensity 

distribution, the focal quality depends not only on <&max, but also on the position rg of the 1/e2 intensity 

point. Therefore, O(r^) will be used to characterize the magnitude of the aberrations of an optical 

system. 

After the achromat Li (f = 200 mm) was replaced with a planoconvex lens with a 200 mm focal 

length, O(r^) was 5.5 X, and when the achromat Li {f = 120 mm) was, additionally, replaced by a 

planoconvex lens with a 150 mm focal length, <J>(rg) rose to 18.5. (As the optical path between the two 

achromats is parallel, the aberration function of the combined system can be approximated by the sum of 

the aberration functions of the two achromats.) Relatively strong aberrations were produced so that the 

aberration dependent changes of the focal quality could be clearly distinguished. Such changes have 

played a role in earlier studies of optical breakdown [Eva69, Aar74] and may show up in intraocular 

photodisruption when unsuitable contact lenses are used [Rol86], when the contact lens is tilted, or when 

the application site lies in the periphery of the fundus (in the last two cases, primarily as coma and 

astigmatism). 

For O(r^) = 5,5 X and 0(rg) = 18,5 X the optical breakdown thresholds, the plasma shape and 

length, and the plasma transmission were determined and compared with the corresponding values for 

aberration minimized focussing. 
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2.3 Results and discussion 

2.3.1 Plasma formation at the breakdown threshold 

2.3J.1 Focal spot diameter and threshold values 

The measured focal spot diameters and energy thresholds Eth for optical breakdown, along with 

the corresponding intensity (irradiance) thresholds /,/„ radiant exposure thresholds F,h, and power 

thresholds Pth are presented in Tables 2.2 and 2.3. For comparison, the diffraction limited focal spot sizes 

and the corresponding values of Ith and Flh are also listed there. 

Q Pth_ 

nm 0 & kW 

1064 32.0 90 15 

1064 22.0 141 23 

1064 8.0 493 82 

1064 5.4 1082 180 

1064 1.8 8023 1337 

Average: 

532 22.0 38.5 6.4 

Diffraction Limited 

S' 2 4 
pm Jem2 10n Wcm- 

2.5 2.4 2055 3.42 

2.1 3.5 1477 2.46 

2.1 9.7 669 1.12 

2.2 14.4 668 1.11 

0.9 

2.0 

45.7 489 0.82 

1.5 1.7 1615 2.69 

Measured 

20>o F,h 4 
pm Jem1 10n Wcm" 

5.4 394 0.66 

7.7 305 0.51 

11.5 All 0.79 

14.6 648 1.08 

47.8 447 0.75 

Average: 453 0.76 

5.3 174 0.29 

Table 2.2 Focal spot diameter and breakdown thresholds for 6 ns pulse duration. 

nm 

e 
o 

E,„ 
& kW 

S' 

Diffraction Limited 

2c0o In. _Lh_ 

Measured 

Fth L 
pm Jem 2 1011 Wcrrf2 pm Jem2 10" Wcm*2 

1064 28.0 2.3 76 2.9 2.7 39.6 13.2 4.6 13.8 4.61 

1064 22.0 2.4 79 4.9 3.5 25.0 8.34 4.7 13.6 4.53 

1064 14.0 5.0 167 3.2 5.5 20.1 6.99 5.8 18.9 6.31 

1064 8.5 9.9 328 3.6 9.1 15.1 5.04 9.6 13.6 4.53 

1064 4.0 33.3 1110 2.9 19.4 11.3 3.76 19.6 11.1 3.70 

1064 1.7 178.5 5951 3.8 45.7 10.9 3.32 47.7 10.0 3.32 

Average: 3.6 Average: 13.5 4.5 

532 22.0 1.0 33.7 4.2 1.74 42.4 14.1 3.4 11.3 3.75 

Table 2.3 Focal spot diameter and breakdown thresholds for 30 ps pulse duration. 
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For small focal angles, the measured and diffraction limited focal diameters are very similar; however, for 

large angles, when increased aberration sets in, the measured and diffraction limited values for the focal 

diameter diverge by a factor of about 2.3 for the nanosecond pulses and by a factor of 1.7 for the 

picosecond pulses. The divergence is smaller for the ps-pulses, since they have a pure gaussian beam 

profile. Before the dependence of the breakdown thresholds on the various laser parameters is discussed, 

we must first analyze self-focussing effects, since they can influence the threshold variations. 

2.3.1.2 Self-focussing and the generation of a continuum 

In order for self-focussing to occur, a critical laser power Pcr that is independent of the focal spot 

size must be exceeded. The occurrence of optical breakdown is, in contrast, coupled to the crossing of a 

certain irradiance threshold. As the focal diameter increases (i.e., the focal angle decreases), higher laser 

powers will be required in order to reach the irradiance threshold for optical breakdown. Below a certain 

focal angle, the laser power required for breakdown finally exceeds the critical power Pcr for self¬ 

focussing, and at still smaller angles it also exceeds the critical power P'r beyond which the laser beam 

collapses and filament formation takes place (cf. Section 2.1.2.1). We observed plasma filaments at 0 = 

1.8° for the 6 ns pulses and at 6 - 1.7° for the 30 ps pulses (Fig. 2.5). For these focal angles, plasma 

formation was always accompanied by filament formation indicating self-focussing, even at the 

breakdown threshold. 

Fig. 2.5 Filament formation for small focal angles: (a) 6 ns pulse duration, 1.8° focal angle, and (b) 30 ps pulse 

duration, 1.7° focal angle. The arrows indicate the diameter of the beam waist measured at low laser powers. 

The diameter of the filaments in Figs. 2.5a and 2.5b is about 5 pm, compared to a diffraction limited focal 

spot diameter of 48 pm. The filaments produced by the 30 ps pulses are uniformly thin, while those 

produced by the 6 ns pulses are interspersed with thick plasma spots with diameters of up to 45 pm. With 

ps pulses, filament formation 'downstream' of the linear' laser focus was also observed at larger focal 

angles (4° and 8.5°), but only for pulse energies well above the breakdown threshold (cf. Fig. 2.7b in 

Section 2.3.2.4). 
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The theoretical threshold for filament formation through self-focussing of gaussian beams is P'r= 

2.38 ± 1.2 MW (cf. Section 2.1.2.1). This value is well below the power required for optical breakdown 

with 30 ps pulses (P =5.9 MW for 0 = 1.7°) and slightly above the power at which breakdown would 

be attained with 6 ns pulses (P - 1.34 MW for 6 = 1.8°). It lies, however, within the range of error in 

determining P'r. This implies that optical breakdown at a wavelength of 1064 nm for small focal angles 

for both ps and ns pulses will be affected by self-focussing at the threshold. This result is in accord with 

the data of Soileau, et al. [Soi89] on optical breakdown in solids. 

The reduction in the laser beam diameter owing to self-focussing raises the irradiance and, 

thereby, the probability of plasma formation. The values of Ifh given in Tables 2.2 and 2.3 refer to the 

focal spot size measured at low irradiances and, therefore, merely represent an estimate of lower bound 

for the irradiance at which breakdown has actually taken place. The beam cross section begins to 

decrease through self-focussing at laser powers below the threshold for radiation collapse and filament 

formation [Mar75]. Equation (2.5) implies that the actual breakdown threshold for Pth < P'cr / 4 

owing to the reduced beam diameter can be approximated by 

fSF -- 

i-PJK 
(2.38) 

The calculated values of / from the measurements of Tables 2.2 and 2.3 are listed in Table 2.4. No 

values are given for Pth > P'cr I4. 

e p,k 

6 ns 

rcr 

jSF 
hh 

9 
o 

P,K 

30ps 

<>->-■ 
rcr 

rSF 
lth 

MW 1011 Wcm~2 MW 10nWcm-2 

32.0 0.015 1.006 0.66 28.0 0.076 1.033 4.76 

22.0 0.023 1.010 0.51 22.0 0.079 1.034 4.69 

8.0 0.082 1.036 0.82 14.0 0.167 1.075 6.78 

5.4 0.180 1.082 1.17 8.5 0.328 1.160 5.25 

1.8 1.337 4.0 1.110 

1.7 5.961 

Table 2.4 Thresholds I^ for optical breakdown at 1064 nm calculated from Ith using Eq. (2.38) for P < P'r / 4. 

With 30-ps pulses and a focal angle of 1.7°, visible continuum emission was observed (Fig. 2.6). 

Similar ring patterns from continuum radiation have been reported by Smith, et al. [Smi77] in the beam 

path behind a cell. The threshold for 50% probability of continuum radiation was Econ( = 1.02 ± 0.02 mJ, 

or P = 33.9 ± 0.6 MW. It was a factor of 5 times higher than the threshold for optical breakdown. 
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Fig. 2.6 Continuum radiation behind a water filled cell produced by a 30 ps pulse with an energy of 2.32 mJ 

focussed at an angle of 1.7°. This energy was a factor of 1.8 higher than the threshold for visible continuum 

production. The pictures in (a)-(c) were obtained using neutral density filters with different densities: (a) OD = 0.3, 

(b) OD = 1.0, (c) OD = 1.3. In this way it is possible to recognize a structure of rings with different colors which 

would be lost in a single print from a slide because the contrast range of photographic paper is much smaller than 

that of photographic film. The ring pattern proceeds outward with blue rings which are likewise only recognizable 

on the slide. 

Continuum radiation was also often observed for a 4° focal angle, but only for pulse energies above 2.5 

mJ. The observation of continuum emission is, along with filament formation, further confirmation of 

self-focussing effects (cf. 2.1.2.2). 

It is worth noting that Docchio, et al. [Doc86b] observed no self-focussing or continuum 

emission, although they were studying plasma formation at very small focal angles between 0.2 and 1.7°. 

(These values were calculated from the focal spot areas given by Docchio.) This may be because they 

were observing plasma formation only with the naked eye for the purpose of measuring the breakdown 

threshold and did not photograph the plasmas. In the present report (cf. also [Vog97b]) self-focussing 

effects were first detected through analysis of photographs of the plasma. Kennedy, et al. [Ken97] have 

speculated that the discrepancy between the results of Docchio, et al. and Vogel, et al. [Vog 97b] may 

originate in the fact that in Docchio's experiments the optical path through the nonlinear medium is 

shorter so that self-focussing effects are suppressed. In fact, the path length of the light through water 

was about the same in both studies and about 10 mm. 
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2.3.1.3 Dependence of the breakdown threshold on focal spot size 

We observed no systematic dependence of the irradiance Ifh required for optical breakdown and 

the focal spot size (Tables 2.2-2.4). In particular, no increase in the threshold value for small focal spot 

diameters was found, as had been expected if the diffusion of free electrons from the focal volume during 

the laser pulse were to play a large role. The lack of a focal size dependence justifies the assumption in 

the moving breakdown model that the breakdown threshold I is independent of the laser beam diameter 

(cf. Section 2.1.6). 

Our results are in contrast with those of Loertscher [Loe83] and Docchio, et al. [Doc86b], who 

report that the breakdown threshold rises with decreasing focal spot diameter. They interpreted this as a 

consequence of higher electron losses through diffusion out of the focal volume. Loertscher studied large 

focal angles between 8° and 16°, for which it is very difficult to eliminate optical aberrations. 

Nevertheless, he did not determine the actual focal spot diameter, but calculated I(h assuming a diffraction 

limited focal spot size. Evans and Grey Morgan [Eva69] pointed out that this can lead to an apparent 

dependence of the breakdown threshold on the focal spot diameter, since the scale of the aberrations 

increases normally with increasing focal angle. This circumstance is also illustrated by the spot size 

dependence of the thresholds calculated for a diffraction limited focal diameter in Tables 2.2 and 2.3. 

Docchio, et al. investigated very small focal angles < 1.7°, at which according to our results the 

optical breakdown would be affected by self-focussing of the laser beam. The dependence of the 

breakdown threshold on focal spot size reported by Docchio is clearly stronger for picosecond pulses than 

for nanosecond pulses. Therefore, it cannot depend on the diffusion of electrons out of the focal volume, 

since that is negligible for the picosecond pulses. The observed spot size dependence is probably an 

artefact of self-focussing effects: the reduction in the beam diameter owing to self-focussing [Ham97b] 

leads to a drop in the energy threshold for optical breakdown and, if I(h is calculated assuming a 

diffraction limited focal spot size, to an apparent decrease in 7/?. This effect becomes more pronounced as 

the focal angle is reduced when self-focussing effects increase further, and this leads to an apparent 

dependence of the intensity threshold on the focal spot size. 

2.3.1.4 Dependence of the breakdown threshold on pulse duration 

The irradiance I(h required for optical breakdown with 30 ps pulses is 5.9 times higher on the 

average than for 6 ns pulses (cf. Tables 2.2 and 2.3) and the fluence F is a factor of about 34 lower. The 

weak effect of pulse duration on I(h (or the strong effect on F(h) would be surprising if cascade ionization 

were the only breakdown mechanism. In this case, neglecting losses, the ionization rate would be 

proportional to the irradiance / (cf. Eq. (2.14)) and it would require a substantial increase in the 
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irradiance to compensate for a shortening of the pulse duration by a factor of 200. The weak influence of 

the pulse duration on I(h indicates that multiphoton ionization, with its strong intensity dependence (cf. 

Eq. (2.9)) must play a significant role, at least in the production of seed electrons for the ionization 

cascade. 

If we assume a dependence on pulse duration of the form Ith tnL, then the data from the present 

experiments give n = 0.33 ± 0.035, in good agreement with the experimental data of Zysset, et al. [Zys89] 

(n = 0.29) and Docchio, et al. [Doc86b] (n = 0.3, averaged over data for different focal spot sizes). The 

relatively small value of n confirms the importance of multiphoton ionization for the initiation of optical 

breakdown. Experimental studies of breakdown in solids have, on the contrary, predominantly yielded n 

« 0.5 [Koe88]. The discrepancy between the data for distilled water and for solids can be explained by 

assuming that the solids that were studied had more impurities than the distilled water. Van Stryland, et 

al. [Str81] found n = 0.5 for NaCl and SiC>2 only with large focal volumes, for which is it probable that 

the seed electrons for the ionization cascade would be provided by thermal ionization of impurities. In 

this case, the dependence of the cascade ionization threshold on the pulse duration is decisive in the pulse 

length dependence for optical breakdown. For small focal volumes a weaker interrelation between / and 

tL was observed. This has been interpreted as evidence that now multiphoton ionization is necessary for 

initiating optical breakdown. The probability that impurities exist in the focal volume decreases for 

smaller focal volumes, and the medium acts more and more as a pure substance, in which the initial free 

electrons can only be produced through multiphoton ionization. Given the low impurity content of the 

distilled water, it behaves as a pure medium for all the focal volumes that were studied. 

The average slope S of the breakdown threshold is 3,6 ± 0,8 for 30-ps pulses and 2,0 ± 0,6 for 6- 

ns pulses. The steeper threshold for the ps pulses can be explained in terms of an increasing influence of 

multiphoton ionization for shorter pulse durations, which implies a stronger dependence of the ionization 

rate on the irradiance. 

2.3,1,5 Dependence of the breakdown threshold on wavelength 

At a wavelength of 532 nm the breakdown threshold for a 6-ns pulse is 43% lower than the 

corresponding value for 1064 nm, and the threshold for a 30-ps pulse is about 17% lower. A similar trend 

was observed by Kennedy, et al. [Ken95b] for water and by Soileau, et al. [Soi89] for NaCl and Si02. 

The decrease in the thresholds at short wavelengths indicates that the measured breakdown threshold is 

not determined by the threshold Ic for cascade ionization, but by the multiphoton process which supplies 

the seed electrons for the cascade. Ic increases with decreasing wavelength (cf. Eq. (2.18) and [Spa81]), 

while the threshold / for multiphoton ionization of seed electrons decreases, since fewer photons will be 
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required for ionization at shorter wavelengths [Whe84]. Although the observed wavelength dependence 

has the direction expected for multiphoton processes, it is much weaker than would be the case for a pure 

multiphoton process [Soi89, Whe84]. Within the range of pulse durations studied here, during optical 

breakdown multiphoton and cascade ionization processes work together in such a way that their opposite 

wavelength dependences largely compensate one another. 

23.1.6 Comparison with calculated threshold values 

13 -2 
The threshold Imp for pure multiphoton ionization calculated using Eq. (2.11) is 2.3 x 10 W cm 

12 -2 20 —3 
for 6-ns pulses and 5.7 x 10 W cm for 30-ps pulses at 1064 nm (pcr = 10 cm ). These values are 31 

and 13 times, respectively, higher than the measured breakdown thresholds I(h for these pulse lengths. 

These factors indicate that optical breakdown with nanosecond and picosecond pulses cannot be produced 

primarily by multiphoton processes, but that the dominant process is cascade ionization. Multiphoton 

processes are, nevertheless, necessary for the generation of seed electrons. Table 2.5 is a comparison of 

the measured breakdown threshold / and the calculated thresholds Im for multiphoton production of 

initial electrons and I for the continuation of the ionization cascade. The calculations were done under 
c 

the assumptions of Kennedy described in Section 2.1.4.4. It turns out that for both laser pulse lengths I(h 

is substantially higher than / (especially for large focal angles), but is close to Im. The measured 

breakdown threshold, therefore, depends on the irradiance Im required to prepare the seed electrons. 

nm 

0 
o 

hh 

6 ns 

Ic Im Irate e 
o 

hh 

30 ps 

Ic Im Irate 

10nWcm"2 1011 Wcm-2 1011 Wcm"2 10llWcm"2 1011 Wcm"2 1011 Wcm-2 1011 Wcm-2 1011 Wcm-2 

1064 32.0 0.66 0.017 1.02 0.74 28.0 4.61 0.79 4.01 1.1 

1064 22.0 0.51 0.017 0.80 0.59 22.0 4.53 0.79 3.94 1.1 

1064 8.0 0.79 0.017 0.61 0.45 14.0 6.31 0.82 3.44 0.98 

1064 5.4 1.08 0.017 0.52 0.38 8.5 4.53 0.89 2.46 0.81 

1064 1.8 0.75 0.018 0.24 0.17 4.0 3.70 0.99 1.53 0.71 

1064 1.7 3.32 1.07 1.07 0.67 

532 22 0.29 0.065 0.0022 0.41 22 3.75 2.52 0.0506 0.94 

Ime ~ 0.059 ^me ~ 1.37 

Table 2.5 Comparison of the measured breakdown thresholds Ith with the values lm and Ic, calculated using Eqs. 

(2.12) and (2.18), along with the value Irate obtained by solving the rate equation (2.6) numerically. The thresholds 

Ic and Ira(e refer to a critical electron density of pcr — 1020 cm”3. 
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The calculated values of I in Table 2.5 have a clear dependence on the focal angle 6, as opposed 

to the experimental observation that I(h is independent of 6. The relationship between Im and 6 is a direct 

consequence of the assumption that the ionization cascade is started by a constant number N0min of initial 

electrons, regardless of the focal spot size (cf. 2.1.4.4). This assumption is, however, brought into 

question by the fact that, for all the focal sizes studied, the plasmas at the breakdown threshold fill, or are 

even larger than, the entire focal volume (cf. 2.3.2.3). For small focal angles the focal depths are so long 

(Rayleigh lengths >150 pm) that the ionization cascade must begin at many positions that are independent 

of one another, so that the critical electron density can be reached in the overall focal volume during the 

laser pulse. Therefore, it seems reasonable to assume a constant initial density p0min of free electrons. 

p0min can be estimated by using Eq. (2.12) to calculate the electron density and number of electrons in the 

focal volume for which / is simply equal to the measured threshold value I . Here, for the 30-ps pulse, 

we adopt Kennedy's assumption that the time available for the production of the seed electrons by multi¬ 

photon ionization equals tjJlO. For the 6-ns pulse, on the other hand, it will be assumed that At = tjjl,, 

since the ionization avalanche sets in at the breakdown threshold shortly before the intensity peak of the 

laser pulse is reached (cf. Fig. 2.7). The results of these calculations are presented in Table 2.6. 

e 
o 

6 ns 

Pomin 
^Omin 

0 
0 

30 ps 

POmin N Omin 

109cm-3 10‘°cm-3 

32.0 0.77 0.37 28.0 8.91 23 

22.0 0.16 0.32 22.0 8.02 23 
8.0 2.26 23 14.0 58.59 384 

5.4 14.78 387 8.5 8.02 394 

1.8 1.66 5010 4.0 2.38 2012 

1.7 1.24 37414 

Average: 3.9 Average: 14.5 

Table 2.6 Initial electron densities p0min and numbers N0min for which the calculated threshold value Im for the 

production of seed electrons equals the measured breakdown threshold I(h at 1064 nm. (At 1064 nm the production 

of seed electrons is the decisive condition for optical breakdown.) 

The calculations show that the number N0min of seed electrons varies by almost four orders of 

magnitude, depending on the focal spot size. For ns-pulses and large focal angles the calculated value of 

N0min is somewhat less than 1. This value is physically impossible, but the deviations lie within the range 

determined by the uncertainty in the measurement of I(h and by the probabilistic character of the threshold 

values. The data in Table 2.6 suggest that the initial electron density p0min, which must be created by 
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multiphoton ionization, is roughly the same for all focal angles (with a scatter of about an order of 

9 -3 10 -3 

magnitude). The average values of p0min are 3.9 x 10 cm for 6-ns pulses and 14.5 x 10 cm for 30-ps 

pulses, i.e., the initial electron density must be about a factor of 40 higher for the shorter pulses. With 

shorter pulses, the diffusion radius encompassed by the ionization cascade that moves out from a seed 

electron is smaller than for the longer pulses, so a that a higher density of seed electrons is necessary for 

the breakdown process to proceed everywhere within the focal volume. 

Kennedy, et al. [Ken95b] obtained a deceptive agreement between their results based on the 

unrealistic assumption that Nomin = const, which suggests a dependence of the breakdown threshold on the 

focal spot size, and Docchio's data which also appear to demonstrate a dependence of the breakdown 

threshold on the focal spot size. The results of the present study indicate, however, that the focal size 

dependence in Docchio's studies can probably be attributed to an inadequate treatment of self-focussing 

effects (cf. 2.3.1.3) and that the assumption p0min = const offers a realistic basis for the threshold 

calculations. 

At 532 nm multiphoton processes play a substantially greater role than at 1064 nm, since only 3 

photons are needed to surmount the band gap, rather than 6. The calculated thresholds Im are, therefore, 

lower than / (Table 2.5). In this case, the actual threshold value according to Kennedy (1995a) should lie 

between Im and /. It is obtained by stepwise increasing the electron density p0 at the beginning of the 

ionization cascade. This leads to a rise in I and a fall in /, until they both meet at the value Imc 

corresponding to an initial electron density of pmc. The notation / was chosen in order to stress that not 

only multiphoton ionization, but also cascade ionization makes a substantial contribution to plasma 

formation. The agreement between the calculated thresholds / and the measured values I(h is not as 

good as at 1064 nm. In the analytic threshold calculations, optical breakdown was treated as if initially 

only mulitphoton ionization and later only cascade ionization contribute to the formation of free electrons. 

In this way, the contribution of multiphoton ionization appears as a "catapult start" for the electron 

avalanche [Ken95a]. Actually, however, both processes contribute throughout the duration of laser pulse. 

A more exact treatment of the problem involves solving the rate equation (2.6) (cf. Section 2.1.4.5). In 

fact, the agreement between / ^ and I{h at 532 nm is, altogether, much better than that between Imc and I(h. 

The thresholds in Table 2.5 calculated with the aid of the rate equation also depend, just as Im 

does, on the focal angle, because (for purposes of a better comparison with the analytically calculated 

threshold values) a constant number of seed electrons has been assumed as the initial condition for the 

start of the ionization cascade. This deficiency is not fundamental in nature, but can be corrected by 

assuming a constant seed electron density p0min. 



PLASMA FORMATION 43 

For X = 1064 and a 6 ns pulse duration the agreement between / ^ and the experimental values is 

very good. For a pulse duration of 30 ps, however, the values of / lie clearly below /ft. Here the 

agreement is substantially better if a critical electron density of pcr = 102,cm“3 for optical breakdown is 

assumed instead of pcr =1020cm“3 (the values of I are then doubled). 

The existence of different thresholds for the start and for the advance of an ionization cascade 

during optical breakdown in pure materials has consequences for the statistics of the breakdown process. 

In earlier papers [Bas72, Doc86a, Sch89], the probabilistic nature of optical breakdown has been 

attributed to the statistics of cascade ionization. When, however, Im > /, as happens at 1064 nm for the 

range of pulse durations considered here, the statistics of the multiphoton process will determine the 

threshold, while the ionization cascade will proceed with certainty, as long as seed electrons are 

generated. When / j < /, the barrier to the creation of seed electrons disappears and then the breakdown 

statistics will probably be mainly determined by the advance of cascade ionization. This is the case at a 

wavelength of 532 nm for the pulse durations considered here. 

2.3.1.7 Time evolution of the electron density 

The time evolution of the electron density calculated using the rate equation (2.6) provides more 

information on the alternation of the mechanisms involved in optical breakdown when the pulse duration 

and wavelength are varied (Fig. 2.7). 

At 1064 nm the production of seed electrons through multiphoton ionization is the decisive 

prerequisite for completion of the breakdown process. The ionization avalanche first sets in when the 

maximum intensity is reached in the laser pulse, because multiphoton ionization is very strongly 

dependent on the intensity. The late onset of the ionization avalanche was confirmed by the time- 

resolved measurements of the plasma transmission at 1.7 times the threshold energy described in Section 

2.3.3.1, which show that a significant change in the transmission first occurrs only shortly before the peak 

of the pulse. Once the ionization cascade begins, it proceeds very rapidly, as / is significantly higher than 

Ic. (For the 6-ns pulses I1h is, on average, 45 times greater than 7C, and for the 30-ps pulses, 6 times 

greater.) At high electron densities, the cascade is abruptly slowed by the increasing effect of 

recombination which is proportional to p2. The fall in the electron density after the end of the laser pulse 

is both for ns- and ps- pulses mainly determined by the recombination rate. 

At 532 nm, Im < / (Table 2.5); that is, there is no lack of seed electrons for the ionization 

avalanche. The cascade, therefore, sets in relatively early in the laser pulse and proceeds more slowly 

than at 1064 nm. At high electron densities, a dynamic equilibrium develops between the production of 
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Fig. 2.7 Time evolution of the electron density at the threshold for optical breakdown. The calculations were 

done for a critical electron density of 1020 cm'3 and a focal spot diameter of 6 pm. The time axis has been 

normalized by the laser pulse duration (FWHM). The pulse duration and wavelength are given on the graphs. 

The dashed curve denotes the time variation in the electron density owing to multiphoton processes. 

free electrons and their recombination, for which the rate is dependent on intensity. The maximum 

electron density coincides, therefore, with the intensity maximum of the laser pulse. The contribution of 

multiphoton ionization to the total number of free electrons is 7-8 orders of magnitude higher than at 1064 

nm. Nevertheless, as before, cascade ionization predominates. Its contribution is roughly 1000 times 

greater than that of the multiphoton process. 

20 -3 

In all calculations for Fig. 2.7, it has been assumed that pcr = 10 cm , based on Barnes and 

Rieckhoffs (1968) estimate using experimental data from 30-ns pulses. Whether the electron density 

attained is actually the same for all laser parameters, is not yet known. The calculations of the threshold 

values in the preceding section suggest that the critical electron density for ps-pulses lies in the range of 

1021 cm'3 rather than 1020 cm'3. One possible explanation for a lower electron density in the ns-plasmas 
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might be that the maximum electron density is limited by the recombination effects occurring during the 

laser pulse. For ps pulses, the irradiation must be higher to complete the breakdown cascade during the 

shorter time available. The cascade ionization rate is, therefore, so high that recombination is not a 

limiting factor for the maximum electron density reached. While an electron density of 1021 cm'3 in ps- 

pulses is physically possible (the corresponding degree of ionization is 1.5%), it is unlikely that the 

electron density will significantly exceed 1021 cm'3. Above this limit the plasma frequency will be above 

that of the light frequency, so a large part of the laser light would be reflected by the plasma (cf. 2.1.4). 

2.3.2 Plasma formation above the breakdown threshold 

2.3.2.1 Plasma shape 

Figures 2.8 and 2.9 show plasmas produced by 30 ps and 6 ns pulses with different energies and 

focal angles. 

In all cases a plasma appears in the laser beam cone in front of the laser focus. The region behind 

the laser focus is "shielded" by absorption of the laser light. The shapes of the plasmas produced by the 

ns and ps pulses are different, probably owing to the different beam profiles (cf. Fig. 2.3). The ns- 

plasmas are conical in shape; they fill the laser beam cone completely out to a large distance from the 
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Fig. 2.8 Plasma shape for different pulse energies: (a) 6 ns pulse duration, (b) 30 ps pulse duration. The focal angle 

is 22°. The pulse energies are indicated in the frames. The laser light is incident from the right. The scale 

represents a length of 100 pm. 
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Fig. 2.9 Plasma shape for different focal angles: (a) 6 ns pulse duration, 10 mJ pulse energy; (b) 30 ps pulse 

duration, 3 mJ pulse energy. The focal angles are indicated in the frames. The laser light is incident from the right. 

The scale represents a length of 100 pm. 

focus, since the beam profile contains a peripheral ring of high intensity. The ps-plasmas are spindle 

shaped; their shape conforms to the laser beam cone only in the neighborhood of the beam waist and 

becomes ever thinner at larger distances (cf. Fig. 2.9b, 6 = 28°, for example). The beam profile of the ps- 

pulses is gaussian, so that at a certain distance from the beam waist, the threshold intensity I(h will be 

exceeded only in the neighborhood of the beam axis. For both pulse lengths, the plasma shape apparently 

conforms to an approximate intensity contour with /= Ifh. This conformance is an indicator of the validity 

of the moving breakdown model, in which it was assumed that plasma is formed wherever I(h is exceeded. 

2.3.2.2 Plasma front velocity 

A further indication of the validity of the moving breakdown model is the high velocity at which 

the plasma front moves back into the beam cone during the laser pulse. The average velocity of the 

plasma front is given by the ratio of the plasma length to the pulse duration: vp = zmax / tL. Table 2.7 

6 ns 30 ps 

p = 10 p = 100 

0 v v 
- vp vp 

£=100 £=1000 

9 v v ~ V VP 
O ii 

kms” kms” 
O 1 I 

kms” kms 

32.0 12.5 23.3 

22.0 16.7 38.3 

8.0 50.0 

5.4 133.3 

28.0 2500 8670 

22.0 3330 11.300 

14.0 7.330 26.300 

8.5 19.000 

4.0 76.000 

Table 2.7 Average plasma front velocity for different focal angles and normalized pulse energies £ . 
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shows that \p varies between 12 km/s and 76000 km/s, depending on the focal angle, pulse duration, and 

normalized pulse energy /L The peak velocity of the plasma front, which, based on the shape of the 

beam waist, is attained in the beginning stage of plasma formation, is considerably higher than the 

corresponding average value [Doc88a]. It has already been mentioned in Section 2.1.6. that a radiation 

driven detonation wave [Ram65, Dai67] cannot account for the high plasma front velocity, since the 

experimentally observed velocity of the shock front produced in water by optical breakdown is at most 

only about 4.5 km/s [Vog96a]. The motion of the plasma front can, therefore, only be interpreted as the 

migration of the site where optical breakdown is taking place. As opposed to the propagation of a 

detonation wave, this migration is not associated with material motion, but is a sort of phase velocity. 

Hence, the plasma front velocity can become extremely high. 

2.3.23 Plasma length 

The length of the plasma from the beam waist towards the laser is plotted in Fig. 2.10 as a 

function of the laser pulse energy for different focal angles. There is obviously a strong relationship 

between the plasma length and the focal angle, which is even more marked for ps-pulses than for ns- 

pulses. For equal energies and equal focal angles, ps-plasmas are always longer than ns-plasmas. This 

elongation occurs because the energy threshold for optical breakdown with ps-pulses is substantially 

lower than for ns-pulses, and the ps-plasmas will thus be produced much further above the threshold. 

(a) iooo [■■■■■.I (b) 2500 r—■—i—’—t—-—i——t—.—t—.—t—*—| 

6 ns a 5.4° 30 ps / 0 4" 

Energy / piJ Energy / pi J 

Fig. 2.10 The length of the plasma from the beam waist towards the laser, Zmax, as a function of the laser 

pulse energy for different focal angles. Pulse length (a) 6 ns, (b) 30 ps. 

In order to compare the measurement data with the moving breakdown model, the length of the plasma on 

the laser side is plotted as a function of (/3—1) on a log-log scale in Fig. 2.11. If Eq. (2.30), which 

predicts a proportionality between zmax and -yj-1, is valid, then the measurement data in Fig. 2.11 

should be fit by straight lines with a slope of 0.5. This fit is possible for the ps-pulses (Fig. 2.1 la). The 
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Fig. 2.11 The length of the plasma on the laser side, zmax, as a function of (p-1) for different focal angles. 

Pulse length (a) 6 ns, (b) 30 ps. 

slopes for the different focal angles lie between 0.52 and 0.56, the measured plasma lengths differ by no 

more than ±30% from the values predicted by Eq. (2.30), and the zmax(6)- dependence is described by Eq. 

(2.31). For ns-pulses agreement with the predictions of the model is not as good (Fig. 2.1 lb), in terms of 

either the slopes, which range between 0.31 and 0.47, or the absolute magnitudes of the plasma lengths 

and the zmax(6)- dependence. According to the model, the ns-plasmas should be just as long asthe ps- 

plasmas for the same P, but, as Fig. 2.12 shows, they are considerably longer. For p = 10 and 6 = 22°, 

for example, the ns-plasma is 100 pm long, while the length of the ps-plasma only reaches 25 pm. (The 

model predicts zmax = 27 pm.) The relative deviation of the measured values for the ns-plasmas from the 

predicted plasma lengths on the laser side is greatest for large focal angles and energies near the 

breakdown threshold. 

P 

Fig. 2.12 A comparison of the plasma lengths on 

the laser side observed with 6 ns and 30 ps pulse 

durations for a focal angle of 22°. The plasma 

lengths are plotted as a function of p . Docchio’s 

moving breakdown model predicts that the plasma 

length is independent of the pulse duration for 

constant p, In fact, the ns-plasmas are conside¬ 

rably longer than the ps-plasmas. 

A large part of the discrepancy between the plasma length for the ns-pulses and the predictions of 

the model is probably attributable to the UV radiation emitted by the plasma. It provides seed electrons 

for the ionization cascade near the previously formed plasma [Alc68]. Figure 2.7 implies that a high 
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electron density will be reached right after the intensity maximum of the pulse is reached. Hence, this 

leads to emission of bremsstrahlung and recombination radiation in the UV as long as the intensity of the 

incident laser light is high. Since UV radiation can excite electrons from the valence band into the 

conduction band, the breakdown process becomes independent of the production of seed electrons 

through multiphoton ionization and the threshold I falls from Im to 7C. Because of this reduction in 7 

during the laser pulse, the plasma expands further into the laser beam cone than predicted by the moving 

breakdown model, which assumes a constant threshold. For ps-pulses, where Im is substantially closer to 

7C, the breakdown threshold will be affected much less by the plasma radiation and remains roughly 

constant throughout the breakdown process, as assumed in the model. The wavelength and penetration 

depth of the plasma radiation are compatible with this interpretation. Stolarski, et al. (1995) have 

established that the spectrum of the radiation from ps-plasmas corresponds to that from a black body at 

about 10,000 K. At these temperatures, the black body radiation contains substantial energy at 

wavelengths under 190 nm, for which the photon energy exceeds 6.5 eV and is, therefore, sufficient to 

produce quasi-free electrons in the conduction band [Gra79]. The recombination radiation likewise 

contains photons with energies equal to the band gap of 6.5 eV. The optical penetration depth for 6.5-7 

eV photons lies between 4 cm (for 6.5 eV, i.e., 190 nm) and 110 pm (for 7 eV, 177 nm) [Wil76, Pai69]. 

This penetration depth is long enough to explain why the observed plasma lengths are between 30 pm and 

800 pm longer than the predictions of the moving breakdown model, depending on the focal angle and 

pulse energy. 

A second cause of the discrepancy between the model predictions and the experimental data is the 

deterioration of the laser focus owing to aberrations and deviations from a gaussian beam profile that 

were not taken into account in the model. All theoretical calculations of the plasma length were based on 

diffraction limited focal spot sizes, which were calculated from the focal angle measured a long distance 

from the beam waist. This is a good assumption for large values of /3-, for which the plasma expands 

back into a portion of the laser beam cone, where the idealized co(z) - curve for a gaussian beam is very 

close to the actual form of co(z). For energies near the breakdown threshold, however, plasma will be 

formed only in the region of the beam waist, where deformations in the intensity distribution caused by 

aberrations and a bad beam profile have the greatest effect. For example, if the measured focal spot 

diameter is twice the diffraction limited value, then the corresponding Rayleigh length zR = 7l(Q20 / X will 

be four times that for the diffraction limited case and the plasma length, calculated from the measured 

focal spot diameter, will be longer by the same factor. The deviations of the measured focus from the 

diffraction limited focus were greater for ns-pulses than for ps-pulses and were the greatest for large focal 
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angles (cf. Tables 2.2 and 2.3). This coincides with the cases where the discrepancies between the 

measured plasma lengths and the model predictions were largest. 

2.3.2.4 Inhomogeneities in the plasma 

In general, the ps- and ns-plasmas both appear to be homogeneous (Figs. 2.8 and 2.9) and no 

multiple plasma formation of the type reported by others [Loe83, Cap86] was observed. This is because 

of the use of distilled and filtered water as the medium for optical breakdown and the minimization of 

optical aberrations, so that local intensity maxima ("hot spots") could be avoided in the focal region of the 

laser beam [Eva69, Vog97c]. The free electrons produced by UV radiation during the laser pulse can also 

contribute to the formation of a homogeneous plasma, especially for nanosecond pulses, where the 

production of seed electrons for the ionization cascade is the limiting factor in the breakdown process. 

Because of the UV radiation, free electrons are always available in the region surrounding the previously 

formed plasma after plasma formation has begun, so that optical breakdown then loses much of its 

statistical character. Only for the smallest focal angles of 5.4° is the plasma boundary no longer smooth 

and the plasma structure "grainy." In this case the plasma expansion is presumably too fast and the 

penetration depth or intensity of the UV radiation too small to guarantee a homogeneous plasma structure. 

For pulse energies well above the breakdown threshold, the ps-plasmas feature a bright spot near 

the beam waist (Fig. 2.8b, 2.9b). Although the plasma partly shields the focal region as it propagates 

back into the beam cone during the pulses, the transmitted light is always sufficient to produce an 

irradiance at the focal region in excess of the optical breakdown threshold. (Even well above the 

threshold, 10-30% of the laser light is transmitted; cf. Fig. 2.20.) If a constant transmission fraction for 

the plasma during the overall laser pulse is assumed and possible changes in the focal spot size through 

self-focussing are neglected, we can conclude from the transmission data of Section 2.3.3.5 that a bright 

spot appears when the irradiance in the focal region exceeds 1.7 ± 0.5 x 1013 W/cm2. This value is 43 

times higher than I,h. A very high electron density can, therefore, be achieved in the focal region, which 

explains the bright plasma radiation. Nanosecond plasmas, as opposed to the ps-plasmas, are brightest on 

the laser side at high pulse energies. This indicates that the absorption coefficient in the ns-plasmas is 

higher than in the ps-plasmas. The energy incident during the second half of the laser pulse will, 

therefore, mainly be absorbed on the side of the plasma facing the laser and cause further heating of this 

portion of the plasma. 

For focal angles of 14° or less ps-plasmas feature a spike in the region beyond the beamwaist (cf. 

Fig. 2.9 and [Vog94a]). This observation can be explained by the combined effect of self-induced 

defocussing in the plasma (cf. Section 2.1.2.1) and self-focussing in the medium behind the plasma. 

Optical breakdown begins at the beam waist and the plasma front expands toward the laser as the laser 
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power rises. The light transmitted through the plasma then passes through a region with a negative 

nonlinear refractive index (because of the high density of free electrons) and is defocussed [Fei74]. As 

soon as it enters the medium behind the plasma, it creates a positive nonlinear refractive index there. If 

the remaining laser power is still greater than P'ri self-focussing sets in and leads to a beam collapse 

followed by optical breakdown and a lengthening of the plasma. The defocussing region thus becomes 

longer and the location of the beam collapse migrates further downstream. The process ends when P falls 

below the critical power P'r. The shape of the plasma behind the beam waist is similar to the spikes 

created by spherical aberrations (cf. Section 2.3.6), but this similarity is largely coincidental. 

2.3.3 Optical properties of the plasma 

2.3.3.1 Time resolved transmission 

Figure 2.13 shows the time resolved transmission through the focal region for energies below (/3 

= 0.3) and above (/3 > 1) the breakdown threshold for 6 ns pulse duration and a 22° focal angle. T(t) 

could not be measured for the ps-pulses. All curves have been normalized so that the peak amplitudes of 

the incident pulses are equal. 

Fig. 2.13 Time resolved transmission 

through the focal region for energies below 

(P = 0.3) and above (p > 1) the breakdown 

threshold. The curves are all averaged over 

1000 laser pulses. tL= 6 ns and 0= 22°. 

For P = 1.6, the drop in transmission caused by optical breakdown begins shortly before the peak 

intensity of the laser pulse is reached. With increasing P , it begins earlier and the area under the 

transmitted pulse, which represents the total transmission, decreases. The parameter dependence for the 

total transmission is described in Sections 2.3.3.5 and 2.3.3.6. 

2.3.3.2 Scattering 

The angular distributions pr+s(y) of the energy per steradian behind the laser focus with and 

without plasma formation are compared in Fig. 2.14a for 6-ns pulses at 1064 nm. Figure 2.14b shows the 
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corresponding energy distributions dET+S(y) calculated from the pT+s(f)- curves using Eq. (2.34). 

Both angular distributions are given in arbitrary units, but the curves for the cases with and without 

plasma formation are normalized to one another in accordance with Eq. (2.36). The area A under the 

upper curve in Fig. 2.14b corresponds to the energy incident on the focus, while the total area under the 

lower curve represents the energy transmitted through the plasma and scattered on it. The area B 

represents the fraction of the energy which is scattered in the forward direction out of the laser beam 

cone. 

Fig. 2.14 The angular dependence of the time integrated plasma transmission and scattering (tL = 6 ns, 

0 = 22°). (a) The energy per steradian p as function of the angle y between the detector and the optical axis, 

(b) The energy distribution dET+s(y) with dET+S ~2npT+s(y)smydy. f} = 0.5 and = 15 represent cases 

without and with plasma formation, respectively. 

Relative to the incident energy, this fraction is given by 

S = ^. (2.39) 

Equation (2.39) only provides a lower bound estimate for the light scattered from the plasma, 

since scattering in the intervals outside the e‘2 points on the laser beam (±11°) but still within the angular 

interval covered by area A (about ±20°) were not included. Light scattered into angles greater than ±30° 

could also not be included, since the scattered light intensity at large angles was below the sensitivity 

threshold of the photodetector. 

The scattered light fraction was 5=0.5% for the 6-ns pulses and 5=7.6% for the 30-ps pulses. At 

first glance it is surprising that the scattering is so much stronger for the ps- than for the ns-pulses. It 

should be noted, however, that the plasma transmission is also much higher for ps-pulses: when ft = 15 it 

is 28.4% for the 30-ps pulse, but only 4.6% for the 6-ns pulse. The ratio of scattering to transmission is 

thus similar for both pulses. At both pulse durations, 4-9 times more light is transmitted within the cone 



PLASMA FORMATION 53 

angle than is scattered out of the cone angle. This result is consistent with the (qualitative) results of 

Meyerand and Haught [Mey64] for light scattering on plasmas in argon gas. Light scattering on plasmas 

in liquids is examined here for the first time. 

2.3.3.3 Reflection 

For a focal angle of 22° and 6 ns pulse duration, 0.8±0.02% of the incident laser light was 

reflected back from the plasma into the focal angle, and for a 30 ps pulse duration, 1.7±0.9%. Within the 

energy range that was studied (3.5 < f3 < 5.5 for 6 ns pulses and 1.5 < /? < 4.3 for 30 ps pulses), no 

energy dependence of the reflectivity was observed. The low plasma reflection leads to the conclusion 

that the maximum electron density in the plasma remains below the critical density of 1021 cm*3 at which 

the plasma frequency becomes greater than the frequency of the light (cf. 2.1.3). Going above the critical 

electron density would lead to a sharp rise in the reflection factor [Hug75]. This effect has been observed 

during plasma production on the surfaces of condensed media surrounded by a medium with a very high 

breakdown threshold (e.g., dry gases or a vacuum). Then plasma formation is limited to the surface, and, 

for sufficiently high irradiances, a very high free electron density can be attained, such that the reflection 

rises to about 0.5 [God77]. In homogeneous media, in contrast, plasma formation spreads out into new 

regions as the power in the pulse rises. In this way, the previously formed plasma will be shielded and an 

extended zone with a low electron density is always available at the plasma edge, which guarantees good 

laser-plasma coupling (though at the cost of spatial precision in the energy deposition). 

2.3.3.4 Absorption 

It has been pointed out in the previous sections that only a small fraction of the incident laser 

light is reflected by the plasma or scattered from it. This means that the absorption is given roughly by A 

~ (1-7). The relationships of the optical parameters for plasma production in liquids are utterly different 

from those for plasma production at solid surfaces, where reflection is a major factor (see above) [Rea71, 

Hug75, God95]. 

Since A ~ (1-7), the plasma transmission is the decisive measurement for determining the 

efficiency of energy input to the plasma and, therefore, the efficiency of plasma aided surgical processes. 

The transmission also determines the extent of possible hazards to sensitive tissue structures located 

behind the laser focus. The parameter dependence of the plasma transmission will, therefore, be 

discussed in detail in the next two sections. 
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2.3.3.5 Total transmission 

Dependence of the transmission on pulse duration. Figures 2.15 and 2.16 contain plots of the 

energy transmitted through the plasma, Eom and the plasma transmission, T - E0JEin, for 6-ns and 30-ps 

pulses as functions of the laser pulse energy. Both figures show the entire range of Ei„ plus an enlarged 

scale in the threshold region. The Eout data above the breakdown threshold have been fitted to curves 

of the form Eout =a + bEfn, and these fits transferred to the graphs of T (Ein). The small bump in the 

beginning of the Ein, Eoui curve in Fig. 2.15a is attributable to the shoulder in the rising portion of the laser 

pulse (cf. Fig. 2.3c). It was not included in the fit. The straight lines in Figs. 2.15b and 2.16b represent 

100% transmission through the laser focus. 

The threshold behavior for both pulse lengths is extraordinarily different: for 6-ns pulses, the 

transmission drops suddenly by about 50% as soon as a plasma is formed, while for 30-ps pulses, more 

than 90% of the laser light is still transmitted through the plasma. The transmission for the ps-pulses 

remains also substantially higher when ft is well above the breakdown threshold: for ft =50 the 

transmission only amounts to 2.8±0.2% for 6-ns pulses, while it is 17.5±0.4% for 30-ps pulses. Even for 

ft = 300, the transmission for the ps-pulses is still 9.5%. If, however, the transmission is compared for 

equal absolute magnitudes of the incident energy, there is little difference between the two pulse 

durations: with Ein = 500 pJ, for example, Euut is 68 pJ for 6-ns pulses and 52 pj for 30 ps-pulses, and 

with Ein - 800 p J, Eout is the same (70 p J) for both pulse durations. 

Fig. 2.15 (a), (b) Transmitted energy as a function of incident energy for 6-ns pulses at a wavelength of 1064 nm 

with a 22° focal angle, (c), (d) Transmission as a function of incident energy, (b) and (d) are expanded scales 

within the threshold region, with the shaded areas indicating the region between 10% and 90% breakdown 

probability. Efa (50% breakdown probability) lies in the center of the shaded area. 
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Fig. 2.16 (a), (b) Transmitted energy as a function of incident energy for 30-ps pulses at a wavelength of 1064 

nm with a 22° focal angle, (c), (d) Transmission T = EolJEin as a function of incident energy, (b) and (d) are 

expanded scales within the threshold region, with the shaded areas indicating the region between 10% and 90% 

breakdown probability. E^ (50% breakdown probability) lies in the center of the shaded area. 

The different threshold behaviors of the transmission for 6-ns and 30-ps pulses can mostly be 

attributed to the different plasma lengths: ns-plasmas are substantially longer at the threshold (Fig. 2.12) 

and, therefore, absorb substantially more light for the same electron density. Because of the fall in the 

breakdown threshold during the laser pulse (cf. 2.3.2.3), the ns-plasmas are probably also larger in the 

lateral direction than the ps-plasmas. For that reason and because the heated fluid volume is beginning to 

expand, less light can be transmitted to the plasma through the focal region. The rapid rise in the electron 

density during the laser pulse (cf. Fig. 2.7) is an additional reason for the low transmission of the ns- 

plasmas. 

Dependence of the transmission on wavelength. Figures 2.17 and 2.18 show the transmission 

data for 532 nm. At this wavelength the transmission is somewhat higher than at 1064 nm, especially at 

energies well above the breakdown threshold: for /3 = 20 and a 6 ns pulse duration, it amounts to 7.4% at 

532 nm, compared to 4.1% at 1064 nm. The corresponding values for 30-ps pulses are 35% at 532 nm 

and 25% at 1064 nm. The higher transmission at the shorter wavelength can be explained by the fact that 

multiphoton ionization plays a much greater role than at 1064 nm. Thus, Im is lower than Ic (cf. 2.3.1.6), 

the ionization avalanche proceeds relatively slowly (cf. Fig. 2.7), and there is no plasma growth beyond 

the focal region because the breakdown threshold remains constant during the laser pulse. By contrast, at 
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Fig. 2.17 Transmission as a 

function of incident energy for 6-ns 

pulses at a wavelength of 532 nm. 

The inset shows the threshold region 

on a magnified scale. The shaded 

areas indicate the region between 

10% and 90% breakdown 

probability. 

Fig. 2.18 Transmission as a 

function of incident energy for 30-ps 

pulses at 532 nm with a 22° focal 

angle. 

1064 nm, where Im is higher than 7C, the breakdown threshold decreases during the pulse, and this leads to 

a lengthening of the plasma and a reduction in the transmission. 

In the threshold region the transmission for 6-ns pulses at 532 nm is slightly reduced (to about 

95%), even when no visible plasma has been formed (Fig. 2.17). This observation can also be explained 

in terms of a greater contribution from multiphoton absorption. Slightly below the breakdown threshold, 

so many free electrons will probably already be produced by multiphoton ionization that an ionization 

cascade can begin. In this way, by the end of the laser pulse a free electron density p < pcr will be 

reached which is enough to reduce the transmission but not to produce perceptible plasma light. 

Dependence of the transmission on focal angle. The dependence of the transmission on the focal angle 

is presented in Figs. 2.19 and 2.20. In order to facilitate the comparison between different angles, the 

transmission is shown as a function of the normalized pulse energy. The transmission increases with 

decreasing focal angle for both pulse lengths, and most markedly well above the threshold. The rise in 

the transmission is very surprising at first glance, because for constant p a decreasing focal angle is 

accompanied by a strong (roughly quadratic) rise in the plasma length (cf. 2.3.2.3). The experimental 

results can only be understood if the increased plasma length is compensated, or overcompensated, by a 
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Fig. 2.19 Plasma transmission for 

different focal angles plotted as a 

function of the normalized laser 

pulse energy p. tL~ 6 ns and X ~ 
1064 nm. Because of the high 

breakdown threshold energy for 0 - 

8°, only low values of p could be 

studied. In order to make the trend 

clearer, the curves fitted to the 

measured data have been 

extrapolated to higher values of p . 

Fig. 2.20 Plasma transmission for 

different focal angles plotted as a 

function of the normalized laser 

pulse energy p. tL = 30 ps and X = 
1064 nm. The inset shows the 

breakdown threshold region on a 

magnified scale. 

decline in the absorption coefficient inside the plasma. In the following, an explanation will be presented 

according to which the small absorption coefficient at small angles is attributable to a reduced energy 

density in the plasma. 

Figure 2.21 makes it clear that, for constant pulse energy, the energy density falls off with 

decreasing focal angle. The plasma expands into the laser beam cone until it reaches a beam cross section 

at which the irradiance has fallen to the threshold for optical breakdown. This beam cross section is 

always the same, independently of the focal angle for a constant pulse energy, but the distance between 

the plane of this cross section and the laser focus is greater for smaller focal angles. Thus, the enclosed 

volume of the beam cone (the plasma volume) is also greater and the energy density in this volume is 

smaller. The reduced energy density in the plasma results in a lower absorption coefficient, since the 

dominant absorption mechanism in the plasma is inverse bremsstrahlung (for all the pulse durations 

studied here). Given the requirements of energy and momentum conservation, an electron can absorb 

photons by an inverse bremsstrahlung mechanism only when it lies in the field of an ion or collides with 

an atom. The absorption probability for the photons, therefore, depends not only on their pathlength 
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Fig. 2.21 Illustration of the 

dependence of the plasma volume 

on the focal angle for a constant 

pulse energy. 

through the plasma and the density p of the free electrons, but also on the frequency Vcon of collisions 

between electrons and heavy particles (Eq. (2.13)). Both p and Vcoil decrease as the plasma energy 

density is reduced. 

Dependence of transmission on pulse energy. It is striking that the transmission of ns-pulses 

falls off at moderate values of p (especially for large focal angles; cf. Fig. 2.19), while the transmission 

of ps-plasmas remains quite high, even for very high values of p (Fig. 2.20). These parameter depen¬ 

dences can, as will be shown in the following, also be attributed to changes in the plasma energy density. 

For ps-pulses the plasma length zmax is roughly proportional to (p -l)172 (cf. Fig. 2.1 lb) and the 

plasma volume is, accordingly, proportional to (p -l)372 (provided that the shape of the plasma remains 

the same, which is the case well above the threshold). The dependence of the energy density eUB on the 

pulse energy is then given by 

Min „ mth M{ 
-Tn—A for P» 1- 
03-l)3/2 # 

(2.40) 

Here A ~ (1-7) is the coupling coefficient of the laser energy into the plasma and Vp is the plasma 

volume. For high p , A is roughly constant, since the transmission T barely changes as the pulse energy 

is varied (cf. Figs. 2.19 and 2.20). With Eq. (2.40) this weak dependence gives the interesting result that 

the average energy density in the plasma decreases with rising pulse energy. Because of the smaller 

collision frequency of the electrons at lower plasma energy density, the cross section for inverse 

bremsstrahlung will decrease and, accordingly, the absorption coefficient (cf. Table 2.8 in the following 

section). This effect could explain why the transmission of ps-plasmas remains relatively high as the 

pulse energy is raised, despite the increasing plasma length. 

For ns-pulses with a 22° focal angle, the plasma length is approximately proportional to {p -l)173 

(cf. Fig. 2.11a). Pursuing the argument given above, this implies that the energy density and thus the 

absorption coefficient of the plasma remain approximately constant as p is increased. This occurs with a 

marked decrease in the plasma transmission because of the increasing plasma length. For ns-pulses with 
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an 8° focal angle, however, the measurements yielded zmax « (p -l)0,45 (Fig. 2.1 la), similar to the case of 

ps-pulses. Consequently, the transmission remains at a relatively high level as increases (Fig. 2.19). 

Influence of self-focussing effects. As stated above, the transmission increases as the focal angle is 

reduced. Figure 2.22 shows that this increase becomes even more pronounced for a focal angle of under 

2°, for which plasma formation will be accompanied by self-focussing effects. The measurements for 6- 

ns pulses (Fig. 2.22a) must be interpreted with a certain amount of caution, since they may be distorted by 

small bubbles in the focal volume owing to the high energy threshold for breakdown. These bubbles have 

not completely disintegrated even where there is a 30 s interval between laser shots. (The bubbles 

develop through diffusion of dissolved gas into expanded cavitation bubbles; cf. Section 6.1.2.) Thus, in 

the breakdown threshold region and above it, the actual transmission values with and without optical 

breakdown are yet higher than implied by the figure. With 30-ps pulses (Fig. 2.22b), a continuum was 

observed above 500 pJ, but this did not change the transmission. 

(a) 100 |* J 

I. 
n without breakdown 

° with breakdown 

80 ■ 

60 ' 

40 ■ 

20 ■ 

0 ■ 

5° °° 5 o „ «0l-^88o 

10000 20000 

Ejn/pJ 

Fig. 2.22 Plasma transmission under self-focussing conditions at 1064 nm. (a) = 6 ns and 6= 1,8°, (b) tL = 

30 ps and 0 = 1,7°. The shaded areas indicate the region between breakdown probabilities of 10% and 90%. 

The increased transmission under self-focussing conditions is probably attributable to changes in 

the beam profile during filament formation. An extended region with a low light intensity develops in the 

neighborhood of the filament [Loy73, Bro97, Mar75 p. 45] and the energy in this part of the beam cross 

section can presumably be at least partially transmitted through the focal region without contributing to 

plasma formation. 

Comparison with the data of other authors. The preceding sections have shown that the plasma 

transmission depends on the pulse duration, laser wavelength, focal angle, and self-focussing effects, and 

Section 2.3.6 will demonstrate that it is influenced by aberrations of the focussing optics. (Aberrations 
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lead to increased transmission.) This multiparameter dependence makes it difficult to compare the 

present results with previous studies [Loe83, Ste83a, Ste83b, Doc88, Cap88, Doc91, Bop93, Ham97]. 

Such comparison is often even impossible, because several of the relevant parameters were not given by 

the authors. Before the present investigations, the most thorough studies of plasma transmission with 

single laser pulses of different durations have been conducted by Docchio and Sacchi [Doc88c] and 

Hammer, et al. [Ham97]. Our observation that the transmission increases with decreasing pulse duration 

is in agreement with Hammer's results but contradicts those of Docchio and Sacchi. No convincing 

explanation for this discrepancy has been found. In any case, a comparison with Docchio's results is 

difficult because his experiments were limited to energies near the threshold and neither the focal angle 

nor the focal spot diameter was given. 

2.3.3.6 Absorption coefficient 

The measured plasma transmission and plasma length can be used to calculate the absorption 

coefficient of the plasma using Beer's law. Streak photographs of the plasma radiation from 12-ns pulses 

showed that the plasma in the focal region already dies out as the front moves into the laser beam cone 

[Doc88b]. The lengths of the ns-plasmas at each time point during the laser pulse were, on the average, 

about half as long as the total plasma lengths L observed on the time integrated photographs [Doc88b]. 

Thus, for ns-pulses, we have 

21nT 
«lib --— (2.41) 

For ps-pulses, the spatially integrated plasma radiation lasts considerably longer than the laser pulse (cf. 

2.3.4). It was therefore assumed that the plasma does not die out locally anywhere during the laser pulse. 

During the first half of the laser pulse the plasma front expands into the laser beam cone, so the time 

averaged plasma length is ~ LI2. During the second half of the laser pulse the plasma length equals L, so 

that the average length during the entire laser pulse duration is estimated to be 3Z/4. For ps-pulses, 

therefore, 

41nT 
«LIB « - 

3 L 
(2.42) 

The absorption coefficients calculated using Eqs. (2.41) and (2.42) are summarized in Table 2.8. 

At the breakdown threshold (p - 1) the average absorption coefficient is lower than for higher 

pulse energies. This lowering is a result of the fact that, in the determination of the absorption coefficient, 

it has been ignored that part of the laser light passes the focal region before plasma formation and another 

part passes by the edge of the plasma. Thus, one obtains low values for a , especially near the 

threshold and for the ps-plasmas, which are smaller axially and laterally than the ns-plasmas. 
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p T 

6 ns 

L [pm] aUB [cm-1] T 

30 ps 

L[nm] Ou. [«“'’] 

1 0.49 60 238 0.91 17 73 

2 0.28 80 318 0.63 20 307 

5 0.11 120 367 0.43 30 375 

20 0.045 170 365 0.245 60 313 

50 0.028 225 319 0.175 90 258 

400 0.09 230 140 

Table 2.8 Absorption coefficients of ns- and ps-plasmas for different pulse energies fi calculated using Eqs. (2.41) 

and (2.42) with the measured data on the transmission Tand plasma length L (A = 1064 nm, 0- 22°). 

The absorption coefficient is, in general, somewhat higher for the ns- than the ps-pulses. This is 

probably a consequence of the rapid rise in the electron density during the longer laser pulse (Fig. 2.7). 

While the absorption coefficient for the ns-plasmas remains almost constant as the pulse energy is 

raised, in the case of the ps-plasmas it reaches a peak at p = 5 and then falls to less than half that value 

by p = 400. This phenomenon can be explained by the reduction in the energy density in ps-plasmas as 

p increases which was discussed in the preceding section (Eq. (2.40)). 

The values of the average plasma absorption coefficient in Table 2.8 rely on a crude estimate of 

the average plasma length. Docchio wanted to achieve better accuracy, so he used the plasma length z(t) 

from Eq. (2.29) for the first half of the laser pulse and the length zmax from Eq. (2.30) for the second half 

[Doc91]. This procedure, however, is even more inaccurate than the estimate proposed here. First, 

because it considers only the plasma length on the laser side and not the overall plasma length, second, it 

ignores the fact that the ns-plasmas decay in the focal region during the laser pulse, and third, it is not 

based on measurements of the plasma length, but instead assumes the validity of the theoretically derived 

Eqs. (2.29) and (2.30). It was shown, however, in Section 2.3.2.3 that the ns-plasmas can be several times 

longer than predicted by the moving breakdown model. The values obtained by Nahen and Vogel (1996) 

for the absorption coefficient of ns-plasmas on the basis of Docchio's moving breakdown distributed 

shielding model are, therefore, too high. Depending on /3, they are 2.5-5 times greater than the values 

obtained here. The values for ps-plasmas, whose lengths predicted by the moving breakdown model are 

approximately correct, are 1.3-1.6 times the present results. 

The absorption coefficients at the breakdown threshold calculated using the rate equation model 

for the electron density and Eq. (2.22) with pcr = 1020 cm-3 are aLffi = 1200 cm for a 6 ns pulse and 
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oclib = 400 cm' for a 30 ps pulse [Noa99]. The ratio of the values for the ns- and ps-pulses is similar to 

that for the two experimental values of = 1 in Table 2.8, but the calculated absolute values are 

evidently higher. The difference is partly a result of the fact that the experimental values also include the 

light transmitted around the plasma and are, therefore, lower than the actual absorption coefficient of the 

plasma. Perhaps the actual electron density in the plasma is also somewhat lower than assumed in the 

calculation of aLffi. 

2.3.4 Plasma radiation 

Figure 2.23 shows oscilloscope traces of the spatially integrated plasma radiation from 30-ps and 

6-ns pulses. The plasma light clearly outlasts the laser pulse in both cases, but the afterglow is longer 

following the ns-pulses. 

Fig. 2.23 Oscilloscope traces of the laser light intensity (above) and plasma radiation (below) from a 6-ns, 1 mJ 

pulse (left) and a 30-ps, 2.2 mJ pulse (right). The duration of the plasma radiation after the end of the laser pulse is 

less than 1 ns for the ps-pulse and about 4 ns for the ns-pulse. The duration (FWHM) of the radiation from the ns- 

plasmas rises from 9 ns with a 200 pJ pulse energy to 11 ns for 10 mJ. 

The duration of the afterglow following the ps-pulses can provide information on the rate of 

recombination in the plasma. Since the plasma radiation is mostly attributable to free electron 

bremsstrahlung and recombination radiation [Bek66], its disappearance is evidence of a drop in the free 

electron density through recombination [Doc88d]. The diffusion of the electrons certainly plays no role 

in the light lasting less than 1 ns. The photodiode signal from the plasma radiation consists mainly of the 

pulse response of the detection system, although the slow decrease in the last third of the signal probably 

reflects the actual duration of the plasma radiation. A deconvolution assuming an exponential decay of 

the plasma light intensity yielded a duration of about 500 ps (FWHM). Using streak photography, 

Docchio obtained a half width of 240 ps [Doc88d] and Thomas et al. (1996) obtained 500 ps. The 
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duration of the recombination process is, therefore, substantially longer than the laser pulse duration for 

the 30-ps pulses and the free electron density falls off correspondingly slowly (cf. Fig. 2.7). 

For ns-pulses, the laser pulse is longer than the recombination time. One might then expect that 

the free electron density would fall off rapidly after the end of the laser pulse (Fig. 2.7) and the plasma 

light would barely last longer than the laser pulse. This argument, however, neglects the fact that energy 

will be transferred from the electrons to the molecules throughout the entire laser pulse, so that the 

average plasma temperature will rise continuously. The energy transfer, as well as the temperature rise, is 

greater for the ns-pulses because they last longer than ps-pulses. Therefore, recombination is taking place 

at the end of an ns-pulse, but at the same time free electrons are being produced as a result of the high 

plasma temperature. The plasma radiation dies out primarily as a result of the cooling caused by the 

explosive expansion of the entire heated plasma volume (Chapter 3). For this reason, the plasma emits 

light for a few nanoseconds after the laser pulse and the edge of the rapidly expanding ns-plasma always 

looks slightly blurred in the photographs (cf. Figs. 2.8 and 2.9). 

The above discussion implies that the spectral distribution of the plasma radiation for the ns- 

plasmas can yield information about the average plasma temperature, because an approximate 

thermodynamic equilibrium sets in during the laser pulse. For a 5 ns pulse at 1064 nm, Stolarski, et al. 

(1995) found temperatures of about 10000 K. At the end of the 30 ps pulses, on the other hand, the 

electron temperature is still considerably higher than the average plasma temperature, as equilibrium is 

reached only after the energy transfer through recombination and inelastic collisions between free 

electrons and molecules has ended. The plasma radiation from the ps-pulses, thus, consists primarily of 

bremsstrahlung and recombination radiation and contains a very low fraction attributable to thermally 

excited electrons. The plasma radiation, therefore, reflects only the electron temperature and permits no 

inference regarding the average plasma temperature. This is the reason why the spectroscopically 

determined "temperature" of ps-plasmas (6000-7000 K [Sto95]) is much higher than the temperature 

calculated from the input energy and the equation of state of water (2160 K [Cha 97]). 

2.3.5 Plasma energy density 

The energy density within the breakdown volume is the controlling parameter for the importance 

of mechanical effects during optical breakdown. The spatially averaged energy density was determined 

by estimating the absorbed energy according to Ea^s « E\n (1-7) and ascertaining the plasma volume 

from photographs of the plasmas. 

For the 6-ns pulses this yielded 33.2 kJ/cm3 for a pulse energy of 1 mJ and 40.3 kJ/cm3 for 10 mJ 

(6= 22°). The values for the 30-ps pulses were 11.1 kJ/cm3 for a pulse energy of 50 pJ, 10.7 kJ/cm3 for 1 

mJ, and 6.5 kJ/cm3 for 6 mJ (6 = 14°). The energy density in the plasma is, hence, more than three times 
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higher for the ns-pulses than for the ps-pulses. It increases with rising pulse energy in the ns-pulses, 

while it decreases at high energies in the ps-pulses, in accordance with Eq. (2.41). Locally, deviations 

from the average energy densities given here can occur for both pulse durations. Pronounced "hot spots" 

develop at the plasma tip with increasing /3 in the ps-plasmas, and the energy density on the laser side of 

the plasma is higher than in the rest of the plasma in the ns-plasmas (cf. 2.3.2.4). 

The energy deposited in the focal volume consists of the kinetic energy of the quasi-free electrons 

and the electron energy transferred to the fluid through nonradiative recombination and collisions. As the 

kinetic energy of the electrons exceeding thermal equilibrium will, after some time, also be transferred to 

the molecules, the total energy density £LIB reached in the focal volume can be estimated integrating the 

losses through collisions (second term in Eq. (2.13)) and recombination (fourth term in Eq. (2.6)) with 

respect to time: 

p(t)+nrecP2(t) Y (2.43) 

Here, as in Section 2.1.4.2, it is assumed that the average kinetic energy of all the quasi-free electrons 

equals AE/2. One can see from Eq. (2.4.3) that the energy density in the breakdown zone will be greater, 

the higher the peak electron density is and the longer a high electron density exists. The energy density 

thus increases with increasing laser pulse duration. However, we are not dealing with a direct 

proportionality, rather it is determined by the respective time evolution of p (f). The time evolution of 

p (0 for 30-ps and 6-ns pulses is displayed in Fig. 2.7, the evolution for fs-pulses in Fig. 8.2 (see below). 

The energy density in the plasma is well above the vaporization enthalpy of water, which is 2.59 

kJ/cm3 at room temperature. It also exceeds the stored energy density of an explosive, such as TNT (~5 

kJ/cm3 [Col48]). In the ns-pulses only 6.4-7.8% of the deposited energy is required for vaporization and 

in the ps-pulses, 23.3-39.8%. One consequence of the high energy density is the strong mechanical effect 

in plasma aided laser surgery, which will be described in more detail in Chapters 3 and 4. 

2.3.6 Effect of aberrations on plasma formation 

All the results on plasma formation described so far were obtained in the laboratory using an 

optical delivery system with minimal aberrations. Aberrations are much less easy to avoid during 

intraocular photodisruption. They change the breakdown threshold and the plasma shape and length, as 

well as the transmission properties of the plasma and, therefore, have a major influence on the precision 

and side effects of laser surgery. Table 2.9 compares the breakdown parameters for 6-ns pulses focussed 

with minimized aberrations and with spherical aberrations of different strengths [Vog98a, Vog99c]. 
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Spherical aberrations 

minimized ®(rg)=5.5\ <D(rg) = 18.5\ 

Focal angle 0 22° 28° 24° 

Focal spot diameter (pm), 

diffraction limited 

3.5 2.7 3.2 

Focal spot diameter (pm), 

measured 
7.6 ±0.6 96.6± 3.6 130.2 ±5.9 

E,h G*j) 141 ±1.3 371 ±3 1202 ±9 

/th (1011 Wcm ”2) 

diffraction limited 

2.44 10.8 24.9 

/th (1011 Wcm ~2), measured 0.52 0.0084 0.015 

Steepness of threshold, S 2.05 1.88 1.48 

Table 2.9 Breakdown parameters during focussing of 6-ns pulses with minimized aberrations and spherical 

aberrations of different strengths. is the phase difference between the paraxial ray and the ray at the I/e2 

intensity point of a gaussian beam. 

For the strongest aberrations considered here (0(rg) = 18.5 X.), the energy threshold for optical 

breakdown is 8.5 times that for the minimized aberrations. The steepness of the breakdown threshold 

decreases as the aberrations increase. 

The most precise value of the threshold irradiance is obtained when the threshold energy and the 

spot size measured for the case of minimized aberrations are used for the calculation of 7th. For simplicity, 

we call this value (7th = 0.52x1011 Wcm-2) the actual breakdown threshold. Use of the diffraction limited 

spot size for the calculation of 7th leads to erroneously large values, particularly for strong aberrations. The 

value obtained for <£(rg) = 18.5 X is 48 times larger than the actual threshold value. Even in the case of 

an optimized delivery system, the threshold obtained with a diffraction limited spot is still 4.7 times larger 

than the actual value, because residual aberrations are hard to avoid at large focusing angles. 

When the measured focal spot size is used to calculate the irradiance threshold for an aberrated 

beam, one obtains values for Ith that are substantially lower than the actual threshold. For 0(rg) = 18.5 X 

the Ith - value is now 35 times lower than the value obtained with minimum aberrations. This presumably 

happens because marked intensity peaks ("hot spots") are present in the focal region of the aberrated 

beam (see Fig. 2.24) where plasma formation can start before the breakdown threshold is surpassed in the 
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Fig. 2.24 Calculated intensity distribution in the focal region for (a) <P(rg) = 5,5 X and (b) 0(rg) = 18,5 X (from 

[Vog99c]). The laser light is incident from the right and the focal angle is 22°. The vertical and horizontal scales 

represent lengths of 10 jim and 100 pm, respectively. The three gray levels represent a total irradiance range of 

100:1. 

entire focal volume. In these hot spots, the threshold irradiance is probably the same as in the optimized 

system. The calculation based on the measured focal spot diameter yields a significantly lower value, 

because it averages over the maxima and the low-intensity regions lying between them. We can conclude 

that the presence of aberrations leads to erroneous values for the optical-breakdown threshold even if the 

measured focal spot size is used for its determination. 

Figure 2.25 shows how the plasma shape changes owing to spherical aberrations. The plasmas 

produced with the optimized system are compact and fill the laser beam cone. Aberration affected 

plasmas are longer and often consist of several parts. They have a sharp spike behind the beam waist and 

also form "wings" at the edge of the beam cone when the pulse energy is high. These plasma shapes 

develop because a convex lens with spherical aberrations focuses the peripheral rays more strongly than 

the paraxial region of the laser beam. Thus, peripheral rays and paraxial rays intersect in front of the 

beam waist and a hollow cone shaped zone with a high intensity develops, within which the plasma 

"wings" are formed (cf. Fig. 2.24). The plasma spike develops along the paraxial rays of the laser beam, 

which are focussed behind the beam waist. Interference between the intersecting parts of the beam causes 

a modulation in this intensity distribution and leads to the formation of "hot spots" [Eva69, Vog99c]. 
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Fig. 2.25 Shape of the plasma for aberrations of different strengths, (a) Minimal aberrations, 0 = 22°, (b) <P(rg) = 

5.5 X, 9 = 28°, (c) <t>(rg) = 18.5 X, 9 = 24°. The laser light is incident from the right and the position of the beam 

waist is marked by an arrow. The corresponding pulse energies are indicated on the frames. The scale represents a 

length of 100 pm. 

For pulse energies above the breakdown threshold the plasmas affected by aberrations are up to 

three times longer than in optimized systems and the plasma length at the breakdown threshold also 

increases as the degree of aberration increases (Fig. 2.26). The greater plasma length is attributable to the 

distortion of the plasma shape illustrated in Fig. 2.25 and to the formation of plasma islands outside the 

main plasma. In this way, aberrations make localized energy deposition into a medium more difficult. 

Fig. 2.26 Plasma length for minimum 

aberrations (o), for <p(rg) = 5.5 X (□), 
and for d>(rg) = 18.5 X (A). 

Aberrations lead to a considerable increase in the plasma transmission. The laser energy 

transmitted through the plasma is, in the entire energy range studied here, for <E>(rg) = 18.5A. 17-20 times 

greater than in the case of minimized aberrations (Fig. 2.27). The rise in the transmitted energy is partly 
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Fig. 2.27 Transmitted energy as a function of the incident energy (a) for minimized aberrations and (b) for = 

18.5 X. The shaded areas indicate the region between 10% and 90% breakdown probabilities. E^ (the 50% 

breakdown probability) lies in the middle of the shaded region. 

attributable to the higher breakdown threshold and is partly a consequence of the irregular intensity 

distribution in the focal region. The incident laser light is mainly absorbed at the intensity maxima and 

partially transmitted between or next to the maxima. Therefore, a larger percentage of the laser light is 

transmitted (Fig. 2.28). At the threshold, the transmission is 50% in the optimized case but 85% with 

strong aberrations. 

Fig. 2.28 Transmission as a function of 

the normalized pulse energy p for 

minimal aberrations (o) and for <t>(rg) = 

18.5 A (A). 
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2.4 Summary and clinical consequences 

2.4.1 Summary 

The thresholds for optical breakdown in water, the plasma formation at irradiances above the 

breakdown threshold, the optical properties of laser plasmas, and the energy density in the plasmas have 

been studied for 30-ps and 6-ns Nd:YAG laser pulses with different focal angles and wavelengths 

(532 nm and 1064 nm). 

Plasma formation at the breakdown threshold. The irradiance /,/, required for optical breakdown 

increases with decreasing pulse duration, while the fluence threshold Fth decreases. The average value of 

Ith for the 30-ps pulses (4.5 x 10n W/cm2) was 5.9 times higher than for the 6-ns pulses (0.76 x 1011 

W/cm2), and the average value of Fth for the ps-pulses (13.5 J/cm2) was 34 times lower than for the ns- 

pulses (453 J/cm2). 

For the focal spot sizes between 5 pm and 50 pm studied here, no systematic dependence of the 

breakdown threshold on the focal spot diameter was observed. This result is in contrast to the assertions 

of previous authors who calculated the threshold values with diffraction limited, instead of measured, 

focal diameters and neglected optical aberrations and self-focussing effects. Aberrations show up 

primarily for large focal angles and self-focussing plays a role for angles under 2° within the range of 

pulse durations studied here. 

The experimental data have been analyzed with the aid of Kennedy’s model for optical 

breakdown [Ken95a] and by solving the complete rate equation for the time evolution of the electron 

density. At 1064 nm, the measured thresholds lth were roughly equal to the calculated thresholds Im for 

the production of seed electrons for the ionization cascade through multiphoton ionization, but they were 

substantially higher than the thresholds Ic for completion of a cascade during the laser pulse. Hence, 

optical breakdown in distilled water for 30 ps and 6 ns pulse lengths proceeds through multiphoton- 

initiated avalanche ionization. The initial electron density required to initiate an ionization avalanche was 

about 4 x 109 cm'3 for 6-ns pulses and 1.4 x 1011 cm'3 for 30-ps pulses. At 532 nm, multiphoton 

ionization provides not only the seed electrons for cascade ionization, but also contributes significantly to 

the production of free electrons throughout plasma formation. 

The statistics of optical breakdown in distilled water are strongly influenced by multiphoton 

processes at both wavelengths and cannot be completely described if only the cascade ionization is 

considered. 
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Plasma formation above the breakdown threshold. Plasma formation for irradiation levels 

above the breakdown threshold can be described as a "breakdown wave," in which an optical breakdown 

takes place everywhere the threshold In, is exceeded ("moving breakdown" [Doc88a]). 

For equal pulse energies, ns-plasmas were always shorter than ps-plasmas, since they could not 

expand as far back into the laser beam cone because of the higher breakdown threshold F,h. For equal 

normalized energies p the ns-plasmas were, nevertheless, significantly longer, especially for pulse 

energies near the breakdown threshold and for large focal angles. This observation is in contrast to the 

Docchio's moving breakdown model [Doc88a] according to which the plasma length is independent of 

the laser pulse duration for constant p . In the ns-pulses the breakdown threshold presumably decreases 

during a pulse, because the plasma formed in the beam waist toward the beginning of the pulse emits UV 

radiation that produces the free electrons in the neighborhood of the plasma required for initiation of 

cascade ionization. In this way, the plasma can become larger than predicted by the model assuming a 

temporally and spatially constant breakdown threshold throughout the plasma formation process. 

The plasma length on the laser side, zmax, as a function of the normalized pulse energy p could, 

for the ps-pulses, be described by zmax °c (p - l)n with n = 0.54 ± 0.02, in good agreement with the 

moving breakdown model, which yields n = 0.5. For the ns-pulses, there were deviations from the model 

for the reasons given above: for large focal angles n = 0.31 and only for very small angles did the 

exponent increase to n- 0.47. The plasma length depends strongly on the focal angle 9. For ps-pulses 

and constant p , zmax [tan(0 / 2)] . The dependence on 0 was not so marked for the ns-pulses. 

Optical properties of the plasma. Scattering and reflection from the plasma only involved a few 

percent of the incident laser energy, so that the plasma absorption could be approximated by A « (1-7). 

The reflection factor for the plasma is low, because the site of the optical breakdown moves toward the 

incident laser beam as the power in the laser pulse rises. As the plasma grows, a new absorber is 

continually produced with a relatively lower electron density and, accordingly, a lower plasma frequency, 

so that good energy coupling is guaranteed [Hug75]. Absorption of the light in the newly formed plasma 

lowers the energy input to the previous produced plasma further downstream and, thereby, limits the 

attainable electron and energy density in the overall breakdown volume. 

The transmission was substantially higher for ps-pulses than for ns-pulses, regardless of the focal 

angle. For the 6-ns pulses, the transmission at the threshold fell immediately to about 50% for all the 

focal angles studied here {9- 22°, 8.5°, 4°), and for a normalized energy of ft = 50 (attainable only for 

9- 22°) it was less than 3%. For the 30-ps pulses, on the other hand, the transmission at threshold was 

91% for focal angles of 22° and 8.5° and was 98% for an angle of 4°. As the energy was raised to p = 50, 
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the transmission fell (depending on the focal angle) to just 17.5-42%. The transmission of the ns-plasmas 

is lower primarily because they are longer for equal [5 than the ps-plasmas. In addition, the absorption 

coefficient for the ns-plasmas is higher (aLiB ~ 240 cm'1) at the breakdown threshold than for the ps- 

plasmas (aLIB = 75 cm'1). Above threshold, for 2 < /3 <50, the absorption coefficient of the ns-plasmas 

(320-370 cm*1) was only slightly higher than that of the ps-plasmas (260-375 cm*1). 

The plasma transmission rose with decreasing focal angle, probably because the energy density in 

the plasma is lower for small angles which leads to a lower electron collision frequency and, thereby, to a 

lower interaction cross section for inverse bremsstrahlung absorption. Self-focussing effects for focal 

angles below 2° caused a further rise in the transmission. This phenomenon presumably happens because, 

as the central filament develops with higher irradiance, an extended region arises in the surroundings of 

the filament where the irradiance remains below the breakdown threshold [Loy73, Mar75]. 

Energy density in the plasma. The energy density in the ns-plasmas (33-40 kJ/cm3 for 0 = 22°) 

is more than three times higher than in the ps-plasmas (6.4-11.1 kJ/cm3 for 6 = 14°). For both plasma 

durations the energy density is substantially higher than the enthalpy of vaporization of water at room 

temperature (2.6 kJ/cm3). Strong shock waves and cavitation effects during intraocular photodisruption 

are consequences of the high plasma energy density. 

The role of aberrations. Spherical aberrations lead to an increase in the energy threshold for 

optical breakdown (by a factor of 8.5 for 0(rg) = 18.5 ^.), to a breakup of a compact plasma into isolated 

plasmas, to a total plasma length that is as much as three times longer than in an optimized system, and to 

higher transmission. At the threshold, the transmission increases from 0.5 to 0.85, and the transmitted 

energy within the total energy range was 17-20 higher when <£(rg) = 18.5 X than when aberrations were 

minimized. 

2.4.2 Clinical consequences 

Nonlinear absorption permits spatially limited energy deposition inside linear transparent media 

and allows, therefore, noninvasive intraocular laser surgery. The absorption coefficient, at about 300 cm' 

\ is, however, substantially lower than the linear absorption at selected wavelengths in the UV and IR. 

For example, the absorption coefficient of the cornea is about 40000 cm*1 at 193 nm [Pet96] and about 

13500 cm’1 at 2940 nm (for 77% water content in the cornea [Mau94] and an absorption coefficient for 

water of 17700 cm*1 [Mah78]). Thus, photodisruption within tissue cannot attain as high a spatial 

precision as ablation at a tissue surface on the basis of linear absorption. 
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The characteristics of plasmas on tissue surfaces differ from those inside tissue [Rea71, God77, 

Kim98], so that when subnanosecond pulses are applied, thin tissue layers with thicknesses on the order 

of 1 pm or less can be removed using plasma aided ablation [Ste89, Nie91], 

The optimum wavelength for intraocular laser surgery lies between about 800 and 1150 nm, since 

in this range light is transmitted well in the eye, linear absorption by melanin and blood in the background 

of the eye is low, and the light is invisible to the patient. 

The primary effect of the laser pulse in plasma aided intraocular laser surgery involves 

vaporization of tissue within the plasma volume [Vog90]. This primary effect can be created with greater 

precision by ps-pulses than by ns-pulses, since ps-pulses permit plasma formation at lower pulse energies 

and the plasmas are smaller than the ns-plasmas near the breakdown threshold (for equal ft). 

The efficiency of energy transfer from laser light to plasma is substantially higher for 6-ns pulses 

than for 30-ps pulses, since approximately 50% of the pulse energy will be absorbed at the breakdown 

threshold for the ns-pulses. With ps-pulses, this percentage is first reached at f = 6 and at the threshold, 

absorption is less than 8%. The low percentage of energy deposition, together with the low threshold 

energy for optical breakdown, can, therefore, be used to produce very small scale tissue effects even on a 

cellular level (Section 7.2.6 and [Vog94b]). 

In intraocular microsurgery, sensitive structures behind the laser focus (e.g., the retina) will be 

protected from damage by absorption and scattering of the laser light in the plasma. This plasma 

shielding effect is most effective for ns-pulses: EovJE-m is 2-6 times lower for 6-ns pulses than for 30-ps 

pulses. For equal values of ft the transmitted energy Eout is, nevertheless, always at least a factor of 8 

smaller for ps-pulses than for ns-pulses, since the threshold energy for the formation of ps-plasmas is very 

much smaller. 

Large focal angles produce a low breakdown energy (at 22° roughly 1/4 of the value at 8°), short 

and compact laser plasmas, and a maximal absorption of the laser energy in the plasma. Because of the 

large divergence angle behind the laser focus the irradiance at the retina and at other structures located 

behind the application site will be low. Thus, the maximum possible focal angle should be applied for 

each application site in the eye. The optimum focal angle can be realized by using appropriate contact 

lenses placed on the comeal surface of the eye. 

The breakdown energy can be further minimized by using an optimum laser mode with a 

gaussian intensity distribution and by the elimination of aberrations in the optical system. Elimination of 

aberrations involves choosing a contact lens whose aplanatic point coincides with the plane of the 

application site in the eye and avoiding tilting of the contact lens. If the laser light is focussed behind the 

aplanatic point of the contact lens, there is a dramatic rise in the spherical aberrations [Rol86] causing an 

increase of the breakdown threshold, a drop in the plasma absorption, and a deterioration in plasma 
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shielding. Tilting of the contact lens leads to similar negative consequences through coma and 

astigmatism. 

Self-focussing plays no role in intraocular microsurgery within the range of pulse durations 

considered here. It has been observed in the neighborhood of the breakdown threshold only for very small 

focal angles < 2°. For clinically relevant focal angles, it was observed only for ps-pulses and only for 

energies very far above the breakdown threshold. Self-focussing appears at clinically relevant focal 

angles and near the breakdown threshold only when the pulse duration is shortened into the femtosecond 

range (cf. Chapter 8). 
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3 Shock wave production and cavitation bubble formation 

During laser induced plasma formation, an extraordinarily high energy density of about 10-40 

kJ/cm3 develops in the focal volume within a very short time (cf. Section 2.3.5). Temperature and 

pressure rise rapidly to very high values, causing an explosive expansion of the laser plasma. The 

expansion of the plasma leads to the production of a shock wave and, if the application site is in a fluid 

environment, to the formation of a cavitation bubble. These mechanical effects form the basis of laser 

lithotripsy [Teng87a,b, Rin95, Vog97a] and, in many intraocular laser applications, e.g., posterior 

capsulotomy [Ste85, Fan89], they contribute to the desired surgical effect. More often, however, they are 

the source of undesirable side effects, which limit the spatial precision of laser surgery. This comment 

also applies to plasma aided intraocular microsurgery near sensitive tissue structures (retina or corneal 

endothelium) [Vog86, Mel87, Vog90, Vog94a,b, Vog96a], and to short pulse laser ablation in fluid 

environments, as during angioplasty [Leu93, Vog96b] or arthroscopic surgery [Sie92]. Whether the 

mechanical effects are desirable or not, shock wave production and cavitation effects must be 

characterized in order to be able to estimate the dependence of tissue effects on the laser parameters and 

to find an optimum compromise between efficiency and precision. 

In order to characterize the propagation of shockwaves, one studies the pressure amplitude ps at 

the shock front and the shock wave profile as a function of the distance r from the emission center of the 

shock wave. The peak pressure and the risetime of the shock front determine the pressure gradient to 

which the tissue and cells will be exposed. The shape of the shock wave (the complete pressure profile) 

determines the energy content of the shock wave and the tissue displacement caused by the shock wave. 

The possible range over which damage occurs will be affected by how rapidly the shock pressure decays 

with distance. For spherical shock waves, this pressure drop is determined by the geometric decrease in 

the pressure amplitude, as well as by energy dissipation at the shock front [Duv63] and the increase in the 

shock wave duration owing to nonlinearities in the propagation of sound [Col48]. The determination of 

ps(r) and of the increase of the shock wave duration make it possible to estimate the spatial distribution of 

the shock wave energy dissipation. This way, the energy transfer from the shock wave to the tissue can be 

assessed. Knowledge of the scaling laws for the shock pressure with increasing distance from the 

emission center also forms the basis for calculating the pressure in the neighborhood of the emission 

center from measurements in the far field, which are generally much simpler than measurements near the 

plasma. 

In order to characterize cavitation effects, one studies the initial expansion velocity and 

maximum size of the cavitation bubble. These parameters determine the maximum tissue displacement 
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that can be caused by expansion of the laser plasma and, thus, define the potential for structural tissue 

deformation and rupture on a macroscopic scale. 

The maximum size of the cavitation bubble can be easily determined by optical or acoustic 

methods (Section 3.2.3 and [Vog86]) and the shock pressure in the far field can also be simply measured 

with piezoelectric pressure probes, assuming that its risetime is short compared to the duration of the 

shock wave [Vog88]. The initial phase of bubble expansion and shock propagation in the neighborhood 

of the emission center are, however, difficult to assess experimentally. Earlier studies of optical 

breakdown at clinically relevant laser pulse energies have shown that the shock speed falls to near the 

normal sound speed within a few hundred nanoseconds and over a distance of a few hundred micrometers 

[Fuj85, Zys89, Dou91]. Characterization of the shock wave parameters thus requires a detailed study of 

events taking place within a volume of less than a cubic millimeter over a time of about 100 ns. This 

situation imposes very high requirements on the measurement accuracy: the spatial and temporal 

resolution must be within a few micrometers or nanoseconds. 

The shock pressure in the vicinity of the plasma cannot be measured with a hydrophone. The 

active element of piezoelectric pressure sensors is usually flat and no smaller than 1 mm2. If they are 

used to detect a spherical shock wave with a small radius of curvature, then at any time only a part of the 

plane sensor element will be struck by the shock and this leads to an error in the measurement data. In 

addition, a hydrophone can easily be damaged by strong pressure transients or cavitation events. Fiber 

optic hydrophones [Sta93] provide better spatial resolution, down to about 100 pm, but this limit is still 

far coarser than required for shock wave measurements in the vicinity of the plasma and, as before, the 

danger of damage to the sensor during optical breakdown remains. Noninvasive optical diagnostics offer 

a method by which the shock waves may be recorded by a focussed probe laser beam or photographically. 

Here the spatial resolution is determined by the size of the probe laser beam focus and the resolution of 

the imaging optics, and can be a few micrometers. 

In general, the optical techniques use the fact that the refractive index of a fluid increases with 

rising pressure [Scr90, Ved75, Tho85]. If a shock wave is illuminated by a laser beam, the pressure 

dependence of the refractive index will lead to a phase shift of the light and to a change in direction of the 

light that is proportional to the pressure gradient [Sul84]. The first group of optical techniques is based 

on a quantitative determination of the phase shift or of the deflection of the light. The phase shift can be 

determined by interferometric techniques [War91, A1194] or from the far field diffraction pattern [Hin76]. 

The beam deflection can be measured by converting the deviation in direction by means of 

schlieren or aperture stops into an intensity modulation that can be detected by a photodiode [Hin76, 

Dav80, Sul84, Sig86, Vog88]. All of these procedures yield the complete shock profile including the 

peak amplitude of the pressure pulse. They are, however, complicated and can only be used at distances 
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over 200 pm from the laser plasma [A1194]. At shorter distances, the path of the light through the 

spherical shock can no longer be described in a simple way [Dav80], so that the determination of the 

shock profile and, with it, the peak pressure, will be too inexact. A further difficulty arises because the 

shock front is considerably thinner than 1 pm [Eis64, Har82] and, therefore, considerably smaller than the 

optical resolution. Thus, only the trailing edge of the shock wave will actually be detected. The pressure 

at the shock front can only be determined if the "base pressure" far behind the shock is known. This, 

however, is not the case for shock waves in the vicinity of the plasma, where the pressure between the 

shock front and plasma is everywhere far higher than the hydrostatic pressure. 

The second group of optical techniques, in which the deflection of light through the shock wave 

is only used qualitatively for detecting the location of the shock, is suitable for measurements of shock 

front pressure in the immediate vicinity of the plasma. In these techniques, the shock speed is measured, 

and the pressure jump at the shock front is then determined with the aid of the equation of state of the 

fluid [Fuj85, Zys89, Dou91, Vog94a, Juh94, Noa95, Vog96a, Juh96, Noa97]. In the first version of this 

method, which has been used by Fujimoto, et al. [Fuj85] and Zysset, et al. [Zys89], the shock passes 

through the focus of a single probe laser beam and deflects the light. This produces an intensity 

modulation that is determined by a photodiode. By varying the distance r between the laser plasma and 

the probe beam focus in successive laser shots and measuring the time t between plasma formation and 

the diode signal, the r(t) curve for the shock wave can be obtained. The shock speed us and, from that the 

pressure jump ps at the shock front, can be determined as a function of t or r from the slope of the r(t) 

curve. A systematic study of the shock pressure as a function of distance was, however, not made by 

Fujimoto and Zysset. Here Doukas, et al. [Dou91] have done the pioneering work. They used a 

somewhat different measurement technique, in which the shock wave passed through two laser foci that 

are separated by a known distance. It was possible to determine the velocity directly from the distance 

between the foci (about 35 pm) and the time for the shock to pass, without having to first make further 

measurements for determining the r(t) curve. This success was achieved, however, at the cost of a 

substantial limitation on the spatial resolution, which is set by the distance between the two laser foci. 

Both pump-probe techniques have the disadvantage of only providing a one-dimensional picture 

of the shock propagation. The position of the measurement site relative to the plasma is hard to control, 

and fluctuations in the location where the plasma is produced lead to inaccuracies in the determination of 

the distance r moved by the shock waves. In the following study, the shock wave and bubble wall 

velocities will, therefore, be determined from a series of photographs, which were taken with increasing 

delays between the times of optical breakdown and the exposure [Vog94a, Vog96a]. For these pictures, 

part of the Nd:YAG laser light used to produce the plasma was separated by a beam splitter, frequency 

doubled, passed through an optical delay line, and used for illumination. The advantage of this method is 
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that it provides two-dimensional information, while the reproducibility and plasma formation site can be 

checked in the photographs. The spatial resolution is set by the resolution of the photographic objective 

(about 4 pm) and is, therefore, just as high as in the methods employed by Zysset and Fujimoto. The time 

resolution is determined by the duration of the illumination pulse and the intervals over which the time 

separation between plasma formation and the illumination pulse is increased. The time resolution was 

better than 6 ns in all measurements. For the time immediately after breakdown, the step size was reduced 

to only 1 ns. A further improvement in time resolution to the subnanosecond range is possible by 

recording the shock wave propagation with the aid of streak photography (cf. Chapter 8) [A1194, Noa95, 

Noa97]. Streak photography can also be used to record the complete r(t) curve in a single shot. 

The experiments were done for 30 ps and 6 ns pulse durations with the same laser system and the 

same focussing optics used in the study of plasma formation (Chapter 2). The events following ps-pulses 

with energies of 50 pJ and 1 mJ and ns-pulses with energies of 1 mJ and 10 mJ were studied in special 

detail. For both pulse durations, the lower energy value is about 5 times the breakdown threshold and the 

higher energy is close to the upper limit of the clinically suitable energy range. The common energy of 

1 mJ permits a direct comparison of the effects for the two pulse lengths. 

Since measurements of the initial phase of the shock wave emission and bubble expansion are 

very tedious, it would be desirable to have a method to deduce the respective pressure and velocity values 

from other measurements which are easier to perform. Such a calculation of the shock and bubble 

dynamics is possible when the deposited laser energy, plasma volume, and laser pulse duration are 

specified [Lo90, Ait96, Cha97, Coo97]. The accuracy of the calculated peak pressure in the plasma 

depends thereby very strongly on the quality of the equation of state for the material in the plasma 

volume, which must be known for a temperature range of a few thousand degrees and a pressure range of 

at least 10000 MPa. The system of equations of Harr et al. (1981) and tabulated equations of state data 

such as SESAME [Lyp92] are available for this purpose. A weakness of most numerical studies is that 

instantaneous energy deposition is assumed and the time variation of the laser pulse is neglected. This 

weakness is not fundamental in nature, but can be overcome with more computing time [Coo97]. Finite 

element hydrodynamic codes offer the possibility of taking the spatial variation in the energy deposition, 

i.e., the motion of the plasma front during the laser pulse, into account [Sca98] and of estimating the zone 

where damage is done to tissue in the neighborhood of an expanding cavitation bubble [Gli97]. 

Here an alternative, less computationally expensive, approach is followed [Ebe78, Vog96a] in 

which bubble formation and shock emission are described using the Gilmore model for cavitation bubble 

dynamics [Gil52, Kna71]. It begins with a nucleation bubble equal in size to the plasma volume. The 

deposited energy is introduced into the calculation ’’retrospectively” over the dimensions of the resulting 

cavitation bubble: the initial conditions are varied iteratively until the calculation gives the experimentally 
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observed cavitation bubble size. The model permits calculation of quantities that are difficult of access, 

by using easily determined experimental measurement data (both the maximum cavitation bubble size and 

the plasma volume are easy to determine). The advantage of this method is that few demands are placed 

on knowledge of the equation of state of the material in the plasma volume. Certainly, in order to obtain 

a realistic description of shock propagation near the plasma or of bubble expansion, the equation of state 

of the liquid in the neighborhood of the bubble must be known as accurately as possible. Inasmuch as the 

temperatures in the liquid are substantially lower than in the plasma or in the interior of the bubble, one 

can, however, rely on relatively simple analytic equations of state. 

The numerical calculations were done for the same laser parameters as in the experimental 

studies. The experimental and numerical results are partially complementary, as they provide access to 

different shock wave parameters. For example, a determination of the complete shock wave profile in 

the vicinity of the plasma is almost impossible experimentally but can be done numerically. Conversely, 

when the propagation of the shock is followed numerically into the far field with the model, inadequacies 

of the theoretical model show up ever more strongly, so that here the experimental data are given priority. 

The pressure decrease ps(r) and the velocity of the bubble wall in the neighborhood of the plasma can, on 

the other hand, be determined both experimentally and numerically. Comparison of the experimental and 

numerical results for these parameters allows an assessment of the accuracy of the model predictions. In 

order to obtain a coherent overall picture of shock propagation and bubble formation, the experimental 

and numerical results will be presented separately but discussed together. 
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3.1 Theoretical background 

3.1.1 Detachment of the shock wave and formation of a cavitation bubble 

The input of energy by laser light leads primarily to a rise in the tree-electron density and an 

increase in the energy of the free electrons within the breakdown volume. The energy of the electrons is 

then transferred to molecules through inelastic collisions of the electrons and recombination and an 

equilibrium temperature sets in within the plasma volume. For ps-pulses, this equilibration process takes 

place mainly after the end of the laser pulse, while for nanosecond pulses a dynamic equilibrium between 

the production of free electrons and their recombination develops during the pulse (Fig. 2.7). In this way, 

for equal maximum free-electron densities (1020 cm'3) a higher energy density develops in the plasma 

volume for ns-pulses than for ps-pulses. The resulting temperatures are about 10000 K for 6-ns pulses 

and about 2200 K for 30-ps pulses, both for a wavelength of 1064 nm (cf. 2.3.4). The rapid temperature 

rise causes an equally rapid pressure rise to between 1 and 10 GPa [Vog96a]. As a result, the water in the 

plasma volume enters a highly supercritical state with T » Tcrit = 374 °C, P » Pat = 22.5 MPa). The 

high pressure leads to an explosive expansion of the plasma volume, which proceeds with a pressure drop 

and an adiabatic fall in the temperature. Because of the pressure drop, the supercritical water becomes 

steam and a phase boundary develops between the material in the breakdown volume and the surrounding 

fluid. From then on, one can speak of the existence of a cavitation bubble and treat the further dynamics 

as the expansion of a bubble. For simplicity of terminology, in the following reference will be made to 

"bubble expansion" even in the early stage of plasma expansion, with the bubble wall being identified 

with the boundary between the plasma and the fluid or with the boundary between supercritical water and 

water under normal conditions. 

The elevated pressure, P, in the interior of the bubble compresses the surrounding fluid and 

accelerates it to a particle velocity u. The compression wave propagates in accordance with the 

Kirkwood-Bethe hypothesis [Kir42] at a velocity c+u into the surrounding fluid, where c is the local 

speed of sound in the stationary medium at pressure p. Since the propagation velocity; c+u , is greater 

than the particle velocity, the leading edge of the compression wave detaches immediately from the 

bubble wall. Both the sound speed and the particle velocity increase with rising pressure. Parts of the 

pressure pulse with a higher amplitude move, therefore, faster than those with a smaller amplitude. As a 

result, the front of the pressure pulse steepens as it propagates (Fig. 3.1) and a shock front forms, i.e. a 

discintinuity develops in the pressure, density, and particle velocity (Fig. 3.2). 
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Fig. 3.1 Formation of a shock front in a pressure 

pulse with very high amplitude. Since the pressure 

is higher at b than at a, the sound speed and the 

particle velocity are higher at b, so that the 

perturbation at b moves faster than at a. Hence, 

regions with higher pressure catch up with regions 

with lower pressure moving ahead of them, and a 

front with a very steep density gradient develops. 

Fig. 3.2 Parameters for describing a shock front: p0 

and ps are the density, p0 and ps are the pressure, 

and £q and es are the internal energy before and after 

compression; us is the shock speed and up denotes 

the particle velocity behind the shock front. The 

particle velocity in the medium at rest ahead of the 

shock front is zero. 

The medium at the shock front is suddenly compressed and must be accelerated to the particle 

velocity w, which involves the dissipation of energy (3.1.9). Therefore, the shock front moves at a velocity 

us that is higher than the sound speed c0 in the stationary, uncompressed medium, but lower than the local 

sound speed (c+u) immediately behind the shock front [Kir42, Col48], Because of the higher sound 

speed behind the shock front, the tendency of the shock front to flatten owing to dissipative effects is 

constantly compensated and the shock front remains stable over long distances out to pressures below 

0.1 MPa [Flo55, Eis64, Rog77]. Since (c+w) decreases on the decaying side of the shock front and is 

lower than the shock front velocity at a sufficient distance from the shock front, the shock wave broadens 

as it propagates [Col48]. 

The pressure pulse emitted into the fluid does not develop into a shock wave under all 

circumstances, because a spherical geometry implies a rapid diminution in the amplitude of the pressure 

pulse and, thereby, a weakening of the nonlinear effect which is responsible for the steepening of the 

rising front of the pulse. With long laser pulse durations, the initial risetime of the pressure pulse may be 

so long that the amount of steepening in the high pressure phase is not sufficient to create a shock front 

[Ben58]. 

Between the shock front and the cavity wall, a radial, outwardly directed flow develops into 

which ever more fluid will be drawn as the shock propagates. The flow is driven by the interior pressure 

of the bubble which falls rapidly because of the bubble expansion. This causes a drop of the pressure in 

the fluid at the bubble wall to a value smaller than that at the shock front. When the pressure at the 

bubble wall has fallen to the hydrostatic pressure, one can say that the shock wave has detached. At this 

point in time, the kinetic energy of the fluid in the neighborhood of the bubble is maximal. Owing to 
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inertia, the fluid continues to expand radially. This expansion leads to a drop in the pressure inside the 

bubble and in the fluid adjacent to the bubble to levels below the hydrostatic pressure. The increasing 

difference between the hydrostatic pressure and the pressure inside the bubble finally brings the 

expansion of the bubble to a halt and leads to the collapse of the bubble (Chapter 4). 

In order for a cavitation bubble model to adequately describe bubble formation and shock wave 

emission, it must satisfy a few minimum requirements: (i) It must take into account the gas content of the 

bubble, since the driving force for the expansion of the bubble will be modeled by an elevated pressure 

inside the bubble, (ii) It must account for the energy of compression, which will be stored in the fluid 

through pressure induced density changes, (iii) It must reproduce the finite propagation velocity of the 

pressure wave as correctly as possible. The Rayleigh bubble model [Ray 17, Kna71] for the collapse of an 

empty cavity in an incompressible fluid (c = °°) satisfies none of these requirements. It does, indeed, 

provide good estimates for the collapse time of real bubbles that contain fixed amounts of water vapor 

and gas, but it is completely unsuitable for the analysis of processes in the end phase of collapse or during 

bubble generation. Similarly, Plessefs modification of the Rayleigh equation [Ple49, Rna71], which does 

take the gas content of the bubble and surface tension into account, but still treats the fluid as 

incompressible, is also inadequate for analyzing acoustic emission. The acoustic approximation for the 

compressibility, which is based on a constant sound speed eo, goes a step further. A good summary of the 

'acoustic' first order models has been given by Prosperetti and Lezzi (1986). They are suitable for the 

description of the bubble dynamics, as long as the maximum bubble wall velocity remains clearly below 

the sound speed in the fluid [Lez87]. This velocity restriction, however, is not satisfied for bubble pro¬ 

duction from laser induced plasmas, as will be shown below. The pressure dependence of the sound speed 

must, therefore, be taken into account. A second order model of this sort, first presented by Gilmore 

[Gil52, Kna71], will be used in the following for modeling bubble formation. 

3.1.2 The Gilmore model for cavitation bubble dynamics 

Gilmore's model for cavitation bubble dynamics takes the compressibility of the fluid, viscosity, 

and surface tension into account. The gas content of the bubble is assumed constant, and vaporization and 

condensation, as well as the diffusion of gas through the bubble wall, are neglected. Heat conduction 

between the interior of the bubble and the surrounding fluid is, likewise, neglected. Heat conduction and 

condensation have an obvious effect on the pressures attained as the bubble collapses [Fuj85], but for the 

initial phase of laser-induced bubble expansion they are presumably of secondary importance. The 

compressibility is not modeled directly as a relationship between the pressure and density, but through the 

variation in the enthalpy of the fluid. A compression corresponds to a rise in the "elastic" energy of the 

fluid and, thereby, to a rise in the enthalpy. This rise results in a radial compression wave owing to the 
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expansion of the heated and pressurized fluid, which can be described as the propagation of kinetic 

enthalpy (h + u / 2). During the expansion, the elastic energy is partially conserved as a compression 

zone behind the shock front, partially converted into kinetic energy of the radial fluid flow, and partially 

converted into potential energy of the growing bubble [Pro86]. 

The bubble dynamics obey the equation 

Here R is the bubble radius, U = dR/dt is the velocity of the bubble wall, C is the sound speed in the fluid 

at the bubble wall, and 

H= f (3.2) 

L p 
is the difference between the enthalpy of the fluid at the boundary of the bubble and that of the fluid at 

large distances, where the hydrostatic pressure p0 predominates; p and p denote the pressure and density 

in the fluid. 

In deriving Eq. (3.1) from the Navier-Stokes equations [Gil52, Kna71], Gilmore used the 

Kirkwood-Bethe hypothesis to describe the pressure dependence of the sound speed. It states that the 

quantity y = r (u2ll + h) propagates in the fluid with a velocity c+u [Kir42]. Here h is the enthalpy 

difference per unit mass between the fluid at pressures p and po and u!2 represents the kinetic energy per 

unit mass of the fluid. It is known that perturbations propagate in flowing media at a velocity co+w, i.e., 

the sum of the sound speed and the flow velocity, when the pressure amplitude is small [Lig78]. It seems 

reasonable, therefore, that the propagation velocity for perturbations with a higher amplitude should also 

approach the (now pressure dependent) sum (c+w) of the local sound speed and flow velocity. 

The enthalpy Hand the sound speed C at the bubble wall can be calculated from Eq. (3.2) and 

if the relation between pressure and density, i.e., the equation of state of the medium, is known. Gilmore 

used the isentropic Tate equation, 

/ \n 
P + B p] ' 

Po + B (Po J ’ 
(3.4) 

which neglects the effect of temperature on the pressure-density relationship (cf. 3.1.6) and, thereby, 

allows an especially simple analytic representation of the pressure dependence of the enthalpy and sound 

speed. The constants B and n for water are given by B =314 MPa and n-1 [Rid 88]. The Tait equation 

yields [Gil52, Kna71] 
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H ■ . n{po + B) 

(«-l)Po 

r p + B^’n 

[Po+B 
-1 (3.5) 

and 

/ 

C = c0 - 

V 

Pjvg 

Po+B 

\(«—I) / 2« 

(3-6) 

The pressure P in the bubble obtained under the assumption of an ideal gas in the bubble is [Kna71], 

R R 
(3.7) 

where a is the surface tension, p is the dynamic shear viscosity and k is the ratio of the specific heats at 

constant pressure and volume; R» indicates the equilibrium radius of the bubble, i.e. the radius at which 

the pressure of the gas contained in the bubble corresponds exactly to the hydrostatic pressure. 

3.1.3 Modeling the formation of laser produced bubbles 

The Gilmore model was used to calculate the time evolution of the bubble radius, the pressure 

inside the bubble, and the pressure distribution in the surrounding fluid based on the laser pulse duration, 

the size of the plasma at the end of the laser pulse, and the size of the resulting cavitation bubble. The 

plasma size corresponds to the volume in which the laser energy has been deposited and the size of the 

expanding bubble is a measure for the deposited energy. The calculation begins with a seed bubble, 

whose interior pressure is in equilibrium with the ambient hydrostatic pressure. The radius R0 of the seed 

bubble is chosen so that the bubble volume is the same as the photographically determined plasma 

volume. The energy input during the laser pulse is simulated by raising the equilibrium radius Rn of the 

seed bubble from its small initial value R„a=Ro to a very much larger final value R„b [Ebe78]. Inasmuch 

as Rn is a measure for the amount of gas contained in the cavitation bubble, its enlargement implies that 

the internal pressure in the bubble rises to a level above the hydrostatic pressure so that the bubble 

expands. R„b was determined by iteration and chosen so that the calculated maximum radius Rmax of the 

expanded bubble is as big as the experimentally determined value. 

The time evolution of the laser power PL during the pulse is modeled as a sin2 function with a half 

width t and overall length 2t: 

/>i=Pi0sin2^/j 0<*<2t. (3.8) 

It is assumed that the volume increase AVn of the "equilibrium" bubble with radius Rn up to time t during 

the laser pulse is proportional to the already absorbed laser energy Eabs, i.e.. 
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AV„(t) = (4w/3 *£^,(0, 

Eabs(t) = \pLosm2^-ty Jt = P/n *r —-—sin —t 

By analogy with Eqs. (3.9) and (3.10), the total energy of the laser pulse is given by 

lot _ AC _ An / 3 j] 
Labs---—\Knb~Kna) 

E'l = jEi0sin2|j^jfc = EwT. (3.12) 

Combining Eqs. (3.11) and (3.12) yields Plo = (4n / 3£t)(/?36 — Rla). Substituting this expression for 

PL0 in Eq. (3.10) and combining Eqs. (3.9) and (3.10) gives 

3T _2 

r . [n 
—sin —t 
2 it T 

Solving for Rn(t) gives an equation for the time evolution of the equilibrium radius during the laser pulse: 

Rn(0 = \Rla + 
,\ T . (k "ill 3 
L t-sin —t J- . 

K ^ T JJJ 

In order to calculate the dynamics of the laser produced cavitation bubble, the differential 

equation (3.1) was integrated numerically with the aid of Eqs. (3.5), (3.6), (3.7), and (3.14) using a 

predictor-corrector procedure [Sha75]. The following constants for water at 20°C were used: density 

pQ = 998 kg/m3, surface tension a = 0.072583 N/m, polytropic index K = 4/3, dynamic shear viscosity 

p = 0.001046 Ns/m3, sound speed cQ = 1483 m/s, and static ambient pressurepo = 100 kPa. 

3.1.4 Modeling shock wave generation 

The solution of Eq. (3.1) can be used to calculate the pressure distribution in the fluid 

surrounding the bubble with the help of the method of outward propagating characteristics [Gil52, 

Kna71]. This method is based on the Kirkwood-Bethe hypothesis that the quantity y - + h) 

propagates at a velocity equal to the sum «+c of the fluid velocity and the local sound speed. This yields 

the differential equations 
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(c+«)4-— r = c + u 

for the velocity distribution in the fluid [Kna71, Ebe78] with 

c = c0\ 

The pressure p at the position r = r(t) is given by 

/ „ \ (/j-l)/2 n 
p + B 

K Po + B , 
and '-1H 

p = (p0+B) 
"2 J n(j 

-Qpo 

(po+5) 

|« /(»-!) 

+ 1 

(3.15) 

(3.16) 

(3.17) 

In order to determine the pressure distribution in the fluid, the time evolution of the quantity y at 

the bubble wall is first determined using the Gilmore model Eq. (3.1). Finally, the velocity distribution in 

the fluid is calculated by integrating Eq. (3.15) and reduced into pressures using Eq. (3.17). In order to 

obtain the pressure distribution at a given time, the points with t = const, must be chosen from the family 

ofp(r,t) curves. 

3.1.5 The physics of the shock front 

Although it is very difficult to describe the nonlinear acoustic propagation and calculate the shock 

profile in the vicinity of the plasma, it is relatively easy to formulate the physics of an idealized shock 

front and that offers a comparatively simple approach to the experimental determination of the pressure at 

the shock front. 

Because of its small thickness of less than 1 pm [Eis64, Har82], the shock front essentially 

represents a discontinuity surface in the fluid, at which the pressure, the particle velocity, the density, and 

the internal energy of the fluid change suddenly. Quantities in front of and behind the shock front are 

linked by the conservation laws for mass, momentum, and energy. For the case of a medium at rest in 

front of the shock front (up - 0), the following "jump conditions" apply [Duv63]: 

w,Po = (w, ~up)Ps, (3.18) 

ps-p0 = usUppQ, (3.19) 

and 

Psup = jPo«s"p + Po“s(£s ~£o) ■ (3.20) 

Here p0 and ps are the densities and po and ps are the pressures in front of and behind the compression, 

us is the shock speed, Up is the particle velocity behind the shock front, and (e5 -£0) *s the increase in 
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the specific internal energy of the fluid as it crosses the shock front. Combining Eqs. (3.18) and (3.19) 

makes it possible to eliminate us and Up in Eq. (3.20) and obtain the Rankine-Hugoniot equation 

-£o=: f1 l\ 
-[Ps 

< Po Ps J 
+ Po) • (3.21) 

Together with an additional material-specific equation, the jump conditions (3.18)-(3.20) provide 

a complete description of the mutual relationships among all the shock front parameters (ps, ps, us, Up). 

Given this equation, it is sufficient to measure a single parameter in order to determine the others and one 

can, for example, determine the shock pressure by measuring the shock speed (cf. 3.1.7). The material- 

specific equation can either be the equation of state of the medium, which couples ps and ps, or the 

Hugoniot curve for the medium, which describes the relationship between us and Up. 

3.1.6 The equation of state for water 

The equation of state of a substance describes the relationship between pressure, density, and 

temperature. Describing the changes of state within the breakdown volume requires very complicated 

equations, since not only the pressure and density, but also the temperature, change substantially during 

plasma formation. Semi-empirical equations for a large number of thermodynamic variables have been 

published by Todheide (1972), Haar, et al. (1981), and in the SESAME Tables [Lyo92]. Roberts, et al. 

(1996) and Cook, et al. (1997) have also considered the dissociation and ionization of the water molecule. 

The temperature changes outside the breakdown volume produced by heat conduction and energy 

dissipation at the shock front are much smaller than the plasma-induced temperature rise in the 

breakdown volume itself (cf. 3.1.9). Thus, simpler equations suffice for describing the changes in state of 

the fluid at the shock front. 

The isentropic Tait equation (3.4) 

P+A J p | 
p0 + B (Po J 

is one such simplified form for the equation of state. In it, the effect of temperature on the relationship 

between pressure and density is neglected, as it is assumed that B(T) = const. Experimental studies show 

that B varies by less than 3% from its average of 304 MPa within the temperature range from 20-80°C 

[Mul87]. B can, therefore, be assumed constant, so long as the temperature change at the shock front, 

which propagates through water at room temperature, is not significantly higher than 60°C. This is the 

case for pressure jumps up to about 1 GPa (cf. 3.1.9). The isentropic Tait equation, thus, provides very 

good results only for moderate shock pressures [Col48, MU187]. It has the advantage, however, that it is 

well suited to providing an analytical representation of the relationship between the pressure and other 
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variables, such as density, sound speed, or enthalpy (cf. 3.1.2), and, for that reason, is often used for 

theoretical modeling of cavitation bubble dynamics. 

For the interpretation of the present experimental results, the Hugoniot curve determined by Rice 

and Walsh (1957), 

up =Cl(lO(“-'-co)/c2-l), (3.22) 

will be used, since it relies on measurements over a very wide pressure range from 0 to 25 GPa. Here co 

is the normal sound speed in water, c\ = 5190 m/s, and C2 = 25306 m/s. 

3.1.7 Determination of the shock pressure from the shock velocity 

The jump condition (3.19) and Eq. (3.22) yield a relationship between the shock front velocity 

and the pressure at the shock front: 

Ps = C\PqUs^0Us~c°,C2 —1)+ po - (3.23) 

The Tait equation (3.4), likewise, yields a relationship between the pressure and velocity at the shock 

front [Miil87]: 

Ps 
2nu] 

(n + \)cl 
(3.24) 

If Eq. (3.24) is used to determine the shock pressure from the experimentally obtained shock speeds, the 

values of the pressure for high us lie clearly below the values calculated with Eq. (3.23). For us = 3000 

m/s Eq. (3.24) yields a pressure of 1.62 GPa, while Eq. (3.23) yields 2.3 GPa. The corresponding values 

for us = 4500 m/s are 4.52 GPa and 7.36 GPa. The discrepancies are a consequence of the inaccuracy of 

the Tait equation at high shock pressures. 

Equations (3.23) and (3.24) are both exact only for an instantaneous pressure jump and will 

become more imprecise as the pressure gradients at the leading and trailing edge of the pressure transient 

become more similar [Duv63]. 

3.1.8 Similarity theorem 

If the pressure distribution p (r,t) in the neighborhood of a spherical plasma with radius r0 is 

known, then the pressure distribution p(r, t) in the neighborhood of a plasma with radius ^r0 is given by a 

similarity theorem [Col48], provided that the initial pressure in both plasmas is the same: 

p(r.0 = A>^r.| ]• (3-25) 

The similarity theorem implies that the pressure depends only on the relative distance r/ro from the 

source. 
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3.1.9 Shock wave energy and energy dissipation in the shock front 

The energy in a spherical shock wave passing a point a distance rm from the central source is 

given by [Col48, Chapter 4.8] 

— \p2dt. (3.26) 
Po4) J 

Determining the shock wave energy with Eq. (3.26) assumes knowledge of the shock p(t) profile at the 

point rm. Since the shock wave loses energy at its front by viscous damping as it propagates [Zel66], the 

shock profile immediately adjacent to the plasma must be invoked in order to determine the total acoustic 

energy produced by optical breakdown. As noted in the introduction to this chapter, p(t) can be measured 

without error by a hydrophone only in the far field of the source. Immediately adjacent to the plasma, the 

shock profile is difficult to determine experimentally and, thus far, has been obtained only through 

numerical calculation (cf. 3.1.4). 

In the following, an indirect experimental way to determine the shock energy in the neighborhood 

of the plasma will be proposed. The energy originally contained in the shock wave will be determined by 

integrating the energy dissipated in the shock front [Vog98c]. 

The Rankine-Hugoniot equation (3.21) relates the gain in specific internal energy per unit mass of 

fluid as a shock front passes to the pressure jump pQ —» ps and the density jump p0 —> ps [Duv63], 

Since a large part of the shock wave energy will be dissipated right in the vicinity of the plasma 

[Vog96a], the summation of the energy losses according to Eq. (3.29) can be used as a lower bound 

estimate for the energy content of the shock wave. The total energy of the shock wave can be obtained if 

data are available on us(r) up to a position where an error free hydrophone measurement is possible. The 
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shock wave energy is then given by the sum of Ediss and the residual energy determined from the 

hydrophone measurements using Eq. (3.26). 

The assumed equality of the dissipated energy and the internal energy deposited in the shock 

front holds exactly only for a pressure step, i.e., for an infinitely long "shock wave." In real shock waves, 

part of the energy deposited in the shock front returns to the shock wave during the pressure drop in the 

trailing part of the wave [Col48]. The return flow of energy decreases as the ratio of the shock duration to 

the shock front rise time becomes larger. Since the shock waves produced in the neighborhood of the 

plasma during optical breakdown in water last 20-60 ns (cf. Table 3.3) and their risetimes are about 20 ps 

[Har82], the ratio exceeds 1000. Therefore, we neglect here the return flow of energy in a first 

approximation. 

Viscous damping in the shock front leads to a rise in entropy and to a lasting temperature rise in 

the medium [Zel66]. Up to now, semi-empirical approaches have been available for calculating the 

temperature rise in water [Cow70], but no self-consistent theory. The measurements of Justus, et al. 

(1985) yielded a temperature rise of 33 °C for an 840 MPa shock pressure. According to Duvall and 

Fowles (1963), the temperature rises were 257 °C for 5.5 GPa and 690 °C for 12 GPa shock pressures. 

Holmes, et al. (1986) have obtained temperature jumps of 347 °C for 7.5 GPa and 547 °C for 11.7 GPa by 

Raman spectroscopy. 

According to the above data, the critical point of water (374.2 °C) will be crossed for a shock 

pressure of about 7.5 GPa with a 20°C initial temperature. If pressures of this magnitude occur during 

laser-induced plasma formation, shock wave propagation leads to a "vaporization" of the water in the 

vicinity of the plasma and, thereby, to an enlargement of the cavitation bubble that was originally 

generated by the "vaporization" of the fluid within the plasma volume. ("Vaporization" is written in 

inverted commas, because the liquid in the plasma volume and the liquid heated by the shock are initially 

supercritical water. They will, however, be converted to vapor as the pressure drops below the critical 

point during expansion of the bubble.) The enlargement of the bubble by shock-induced vaporization 

causes a drop in the average pressure and temperature in the interior of the bubble, because the 

temperatures attained during shock-induced vaporization are considerably lower than the temperatures in 

the plasma [Rob96]. We can conclude that shock wave production and bubble formation during optical 

breakdown are not only related to one another through a common driving force (the expansion of the 

plasma), but are, as a whole, very closely intertwined with one another. 
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3.2 Experimental Techniques 

3.2.1 High speed photographic analysis of shock wave emission and bubble expansion 

The experimental apparatus for studying shock wave emission and the expansion of cavitation 

bubbles is sketched in Fig. 3.3. 

Water filled 

Fig. 3.3 Apparatus for studying shock wave emission and the expansion of cavitation bubbles. 

Nd:YAG laser pulses of 6 ns or 30 ps duration at 1064 nm were generated using the system previously 

described in Section 2.2.1. The laser pulses were focussed into a glass cell containing distilled water. 

The convergence angle in the water was 14° for the ps-pulses and 22° for the ns-pulses, and the 

corresponding focal spot diameters (1/e2 intensity, measured with the knife edge technique described in 

Section 2.2.2) were 5.8 pm or 7.6 pm, respectively. The threshold for plasma production (50% 

breakdown probability) was 7 pJ for the ps-pulses and 150 pJ for the ns-pulses. 

Shock wave emission and bubble expansion were tracked using a series of photographs taken 

with an increasing delay between the time of optical breakdown and the exposure time for the individual 

pictures. The photographs were taken with a Leitz Photar objective (F = 3.5) with lx magnification on 

Agfapan APX25 film. The spatial resolution was better than 4 pm. For illumination, part of the Nd:YAG 

laser output was frequency doubled and optically delayed by 2-136 ns relative to the 1064 nm pulse 

which produced the optical breakdown [Bel67]. The time delay between the optical breakdown and the 

photographic exposure was increased in 1 ns steps up to 10 ns, in 2 ns steps up to 20 ns, and afterward in 

steps of 4 ns. The illumination time for the pictures corresponds to that of the main laser pulse, i.e., 30 ps 

or 6 ns, respectively. 
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The events following 50 pJ and 1 mJ, 30-ps pulses and 1 mJ and 10 mJ, 6-ns pulses were studied. 

The pulse energy in each shot was measured with a pyroelectric energy detector (Laser Precision 

Rj 7100). In order to ensure good reproducibility of the individual breakdown events, only those pictures 

in which the pulse energy deviated by less than ±7% from the above energies for the ps-pulses and less 

than ±2%, for the ns-pulses were interpreted. The radii of the shock wave and bubble were determined by 

measuring the corresponding diameters through the plasma center and dividing by two. For each delay 

time, the measurements from 6 breakdown events were averaged. 

The corresponding distances r between the optical axis and shock front or bubble wall were 

plotted as a function of the delay time t and analytic functions were fit to these data using a curve fitting 

program (Table Curve, Jandel Scientific). The shock velocity us(t) or us(r) and the bubble velocity us(t) 

were deduced from the slope of the r(t) curves obtained in this way. Then Eq. (3.23) was used to 

calculate the pressure ps(r) at the shock front from the values of us, and the internal energy input at the 

shock front was determined using Eq. (3.28). 

3.2.2 Hydrophone measurements of the shock pressure 

The determination of the shock pressure from a measurement of the shock velocity requires that 

the difference between the shock velocity and the normal sound speed can be measured with sufficient 

accuracy. This measurement is possible only in the vicinity of the plasma within a zone of less than 1 

mm3. The measurement uncertainty in us for velocities near the sound speed is about 20 m/s, which 

corresponds to a pressure of approximately 15 MPa. The pressure measurements in the far field were, 

therefore, made with a hydrophone. Reliable pressure values are obtained as long as the distance between 

the source center and the hydrophone is large enough that the shock waves striking the sensor element can 

be approximated as plane waves. A PVDF hydrophone (Ceram) with a 1 mm2 detector area, 12 ns 

risetime (28 pm layer thickness), and a sensitivity of 280 mV/MPa was used. The calibration factor 

applies over a frequency range out to 10 MHz (Manufacturer's data). When the output of the hydrophone 

is terminated in a high impedance, the voltage signal on an oscilloscope is proportional to the pressure 

amplitude [Sch87]. The hydrophone signal was, therefore, recorded on a fast oscilloscope (Tektronix 

TDS 540 with a 0.7 ns risetime) with a 1 MQ input impedance. 

3.2.3 Determination of the plasma volume, bubble radius, and bubble energy 

The calculations of shock wave emission and bubble expansion require information on the plasma 

size and the radius of maximum expansion of the cavitation bubble. The plasma size was determined 

from photographs of the plasma radiation taken without background illumination by the frequency 

doubled Nd:YAG laser. The bubble size was determined by measuring the time interval between the 



SHOCK WAVE EMISSION 92 

shock waves produced by optical breakdown and by collapse of the bubble. Lauterbom [Lau74] has 

shown that the expansion and collapse of the bubble are very symmetrical if the laser pulse duration is 

substantially shorter than the oscillation period of the bubble and the fluid's viscosity is low. This is true 

for optical breakdown in water with ns- and ps-laser pulses. The time interval between the pressure 

pulses from optical breakdown and bubble collapse is then twice the Rayleigh collapse time TCl which is 

related to the maximum bubble radius by [Rayl 7] 

/ nO-5 

Rmax=Tcl 0.9l4 —^2— , (3.30) 
[Po-Pv) 

where pv is the vapor pressure inside the bubble (pv = 2330 Pa for 20 °C). Rmax can be used to calculate 

the bubble energy [Col48], 

Eb = (4/3>rRIuu(po ~Pv)- (3.31) 

Although Eq. (3.30) was derived for spherical bubbles, it is approximately valid for elongated bubbles of 

the sort which develop with small focal angles. A comparison of the bubble volumes determined from a 

series of high-speed photographs with the values predicted by Eq. (3.30) yielded discrepancies of less 

than 10% even for bubbles with an axis ratio as large as 5:1 [Noa98a]. 
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3.3 Results 

3.3,1 Photographs of shock wave formation and bubble expansion 

Figure 3.4 shows the events associated with optical breakdown for all the pulse durations and 

energies studied here at a fixed time (44 ns after the laser pulse) and Fig. 3.5 shows the complete 

sequences of events following 1 mJ, 30 ps and 10 ml, 6 ns pulses. The laser light is incident from the 

right. The location of the beam waist is indicated by arrows in Fig. 3.5. The shock wave and cavitation 

bubble appear dark against a light background, since they deflect the illuminating light out of the imaging 

lens. Although each picture was taken for a separate breakdown event, shock wave emission and bubble 

expansion can be tracked very well, since the shot-to-shot reproducibility is very good. The arrow heads 

in Fig. 3.5 mark the location at which the bubble radius and the distance traveled by the shock were 

measured. 

The shock front detaches from the plasma immediately after the plasma is formed, since the 

velocity of the shock front is always substantially higher than the post-shock particle velocity (cf. 3.1.1). 

Since the ps-plasmas are created within a time substantially shorter than the time between frames, the 

detachment of the shock wave seems to occur everywhere on the plasma at the same time (Fig. 3.5a). By 

contrast, in the series of pictures in Fig. 3.5b the expansion of the ns-plasma and the detachment of the 

shock wave can be tracked during the laser pulse. Plasma formation begins in the beam waist and 

Fig. 3.4 Plasma, shock wave, and cavitation bubble produced by NdiYAG laser pulses with different durations and 

energies: (a) 30 ps, 50 pJ; (b) 30 ps, 1 mJ; (c) 6 ns, 1 mJ; (d) 6 ns, 10 mj. All pictures were taken 44 ns after optical 

breakdown. 
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(a) (b) 

Fig. 3.5 Shock wave emission and cavitation bubble expansion in the initial phase following optical breakdown 

with (a) a 1 mJ, 30 ps pulse and (b) a 10 mJ, 6 ns pulse. The laser light is incident from the right. The position of 

the beam waist is indicated by an arrow. The delay of the illumination pulse relative to the pulse which produced 

the plasma is indicated in each picture. Plasma light is visible in all of the pictures, regardless of the time at which 

the shock wave and cavitation bubble were illuminated, since the pictures were taken in a dark room with the 

camera shutter open. The arrow heads indicate the location at which the bubble radius and the distance traveled by 

the shock were measured. The scale represents a length of about 100 pm. 

the plasma expands into the cone of incident laser light, as long as the laser intensity is rising (Section 

2.1.5). Detachment of the shock wave, accordingly, also begins in the beam waist and occurs at the end 

of the plasma facing the laser only after about 10 ns, i.e., after the expansion of the plasma has 

terminated. 

In pictures of optical breakdown with ns-pulses taken more than 20 ns after breakdown, it appears 

as if detachment of the shock wave has begun on the laser beam side, although it actually begins at the 

plasma tip. This observation has been documented previously [Dai67, Ebe78, Lau77], but, because of 

poor time resolution, it could not be explained. The false impression is a result of the fact that the energy 
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density and pressure are higher on the end of the plasma toward the laser than near the focus. This, in 

turn, is a consequence of the fact that the laser energy will be deposited on the end of the plasma toward 

the laser after the intensity peak of the laser pulse has been reached. The high pressure in this part of the 

plasma generates a strong shock on the laser side and compression waves on the side toward the focus 

which move with a velocity u+c higher than the velocity us of the shock front at the plasma tip. 

(cf. 3.1.1). The compression waves eventually catch up with the shock front after about 130 ns. Before 

that they cause a broadening of the image of the shock wave in the neighborhood of the plasma tip and, 

thereby, create the illusion, until about 60 ns after breakdown, that the shock wave has not yet detached 

on this side. 

3.3.2 Evolution of the velocity and pressure during shock wave propagation and bubble 

expansion 

A quantitative evaluation of the photographic series is presented in Figs. 3.6-3.8. 

Time/ ns 

Fig. 3.6 Time evolution of the distance from the 

shock front and bubble wall to the optical axis after a 

10 mJ, 6 ns Nd:YAG laser pulse. The distances are 

plotted as a function of the time delay between the 

main laser pulse and the illumination pulse. Each 

data point is the average of 6 measurements. The 

standard deviation is less than ±1.0 pm for times up 

to 30 ns, and for longer delay times < 2.4 pm for the 

shock wave and <2.8 pm for the bubble wall. The 

standard deviation between the data points and the fit 

curve is 1.25 pm for the position of the shock and 

1.15 pm for the position of the bubble wall. 

The distances from the shock front and the bubble wall to the optical axis are plotted as a function 

of time for 10 mJ, 6 ns laser pulses in Fig. 3.6. The r(t) data for the other laser parameters are similar and 

are, therefore, not shown here. The r(t) curves were fit to the measured data using a curve fitting 

program, and the shock velocity us(t) and bubble velocity uB(t) were deduced from the slope of these 

curves. These are plotted in Fig. 3.7, along with the post-shock particle velocity up(t) calculated using Eq. 

(3.22). The maximum shock velocity is 2500 m/s for 50 pJ, 30 ps pulses, 2750 m/s for 1 mJ, 30 ps 

pulses, 3050 m/s for 1 mJ, 6 ns pulses, and 4450 m/s for 10 mJ, 6 ns pulses. These values are somewhat 
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higher than the 2600 m/s for 1 mJ picosecond pulses and 2400 m/s for 1 mJ nanosecond pulses obtained 

by Zysset, et al. [Zys89]. The maximum bubble wall velocity is slower than the sound speed in water 

(1483 m/s) for the picosecond pulses ([ug = 390 m/s and 780 m/s) and faster for the nanosecond pulses 

(uB = 1850 m/s and 2450 m/s). For all laser parameters, the particle velocity during detachment of the 

shock front is roughly the same as the initial bubble wall velocity because shock wave formation and 

bubble expansion are both driven by the expanding laser plasma. After the shock front has detached, the 

post-shock particle velocity and the bubble wall velocity refer to different positions and are, therefore, no 

longer comparable. 

Figure 3.8 shows the shock pressure calculated with Eq. (3.23) as a function of the distance r 

from the optical axis. The maximum pressure amplitude for each ps(r) curve corresponds to the pressure 

at the plasma rim. It is, in general, higher for ns-pulses (2400 MPa and 7150 MPa for 1 mJ and 10 mJ 

pulse energies, respectively) than for ps-pulses (1300 MPa and 1700 MPa for 50 pJ and 1 mJ pulse ener- 
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Fig. 3.7 Experimentally determined velocities of the shock wave, us, bubble wall, uB, and particles behind the shock 

front, Up, as functions of the time delay between the main laser pulse and the illumination pulse. The laser 

parameters are: (a) 30 ps, 50 pJ; (b) 30 ps, 1 mJ; (c) 6 ns, 1 mJ; (d) 6 ns, 10 mJ. up(t) was calculated from us(t) with 

the aid of Eq. (3.3). 
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Distance I ym 

Fig. 3.8 Experimentally determined near field shock pressure ps(r) after (a) 30 ps pulses of 50 |iJ and 1 mJ 

energy and (b) 6 ns pulses of 1 mJ and 10 mJ energy. The pressures were calculated using Eq. (3.1) from the 

shock velocities in Fig. 3.7. They are plotted as a function of the time delay between the main laser pulse and 

the illumination pulse. Some local values of the slopes of the curves are indicated next to the /^(r) curves. 

gies, respectively). The pressures increase with rising pulse energy, and this energy dependence is most 

marked for the ns-pulses. The maximum pressures obtained in the present study are 4-9 times higher than 

the values observed by Doukas et al. [Dou 91], since the measurements were made significantly closer to 

the plasma boundary and with better spatial resolution. The slope of the ps(r) curves in the log-log plots 

for the ns-pulses is initially around -1 and then reaches a maximum of -2.5. For the ps-pulses the slope is 

steeper than -1 from the beginning onward, but the maximum slope is less than for the ns-pulses. 

Figure 3.9 shows plots of the far field pressure measurements together with the p$(r) curves for 

the near field. The pressure drop in the far field is slower than in the near field. The transition between 

Fig. 3.9 Shock pressureps(r) in the near and far fields after (a) 30 ps pulses with energies of 50 p J and 1 mJ and 

(b) 6 ns pulses with 1 mJ and 10 mJ energies. The data points represent the results of the hydrophone 

measurements in the far field. The dashed lines are fits to the pressures at distances > 5 mm from the shock 

source. The numbers indicate the local slopes of the ps(r) curves. 
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the two regions occurs at about 100 MPa for all laser parameters. The data points obtained from the 

hydrophone measurements for r <5 mm lie below the lines obtained from a fit to the measurement points 

for r > 5 mm. This deviation is an artifact arising from the detection of a spherical shock wave with a 

plane sensor element. The greater the curvature of the shock, the smaller the surface in which the sensor 

and shock wave overlap and the greater the distortion in the pressure signal. Schoeffmann, et al. [Sch87] 

have observed a similar bending of the ps(r) curve and attributed the lower slope of the curve for small r 

to near field effects in cylindrical shock formation. This interpretation turns is incorrect in the present 

case, since the shock is spherical by 100-200 pm from the source, except for the 1 mJ picosecond pulse 

(Fig. 3.4). Even with the 1 mJ picosecond plasma, after about 0.5 mm the shock attains a roughly 

spherical shape (Fig. 3.5a). The low pressure values for r < 5 mm are, hence, a detection artifact. The 

hydrophone data for r < 5 mm are, therefore, ignored and the fit for r > 5 mm is extrapolated into the 

region r < 1 mm, as shown in Fig. 3.9. The extrapolated fit lines are in very good agreement with the 

optical near field measurements. 

Figures 3.10 show the shock wave profiles obtained at a distance of 10 mm from the shock 

source. At this distance, the hydrophone signals are no longer distorted by geometric effects. The risetime 

of the detected pressure signal does not represent the actual risetime of the shock front, which is less than 

Fig. 3.10 Hydrophone signals obtained a distance of 10 mm from the shock wave source. The corresponding laser 

pulse lengths and energies are (a) 30 ps, 50 pJ; (b) 30 ps, 1 mJ; (c) 6 ns, 1 mJ; (d) 6 ns, 10 mJ. 



SHOCK WAVE EMISSION 99 

1 ns [Flo55, Eis64, Har81, Har82], but is the risetime of the detector (12 ns). The duration of the shock 

wave increases with rising pulse energy. For equal pulse energies (1 mJ) the duration is roughly the same 

for ns- and ps-pulses. 

3.3.3 Shock wave energy 

The acoustic energy dissipated in the shock front was calculated from the measured spatial 

dependence us(r) of the shock velocity using Eqs. (3.26) and (3.28). In Fig. 3.11, the integrated energy 

loss is plotted as a function of the distance traveled by the shock. For most laser parameters, the loss rate 

has clearly slowed down by the end of the near field measurement region. The integrated energy loss 

Eoiss can, therefore, be treated as a lower bound estimate for the energy content of the shock (Table 3.1). 

Only for the 1 mJ, 30 ps pulse, where the pressure in the neighborhood of the plasma falls off more 

slowly than for the other laser parameters owing to the cylindrical plasma shape (cf. Fig. 3.4), does the 

energy loss rate remain relatively high at large distances. 

Distance / pm Distance / pm 

Fig. 3.11 The cumulative energy loss EDiss at the shock front as a function of the distance r traveled by the shock. 

The shock energy at 10 mm from the source was calculated from the hydrophone signals of Fig. 

3.10 using Eq. (3.25). The data for the peak pressure and shock duration at a distance of 10 mm and the 

corresponding shock energies Es/lOmm are compiled in Table 3.1. 

The total acoustic energy produced during optical breakdown can be estimated by adding the 

energy EDiss dissipated in the near field to the energy ESjl0mm remaining in the far field. This procedure 
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still gives a lower bound estimate, since damping in the region 0.3 < r< 10 mm was not taken into 

account. This error is, however, at least partially compensated since EDiss was calculated ignoring the fact 

that part of the acoustic energy deposited in the shock front as internal energy returns to the shock wave 

as mechanical energy during decompression in the post shock region (cf. 3.1.9). 

The degree of conversion of the light energy EabS absorbed at the focus into shock energy 

(EDiss + Es/iOmm) ranges from 40% for 30 ps, 50 pj pulses to 71% for 6 ns, 10 mJ pulses (Table 3.1). 

Most of the shock energy (85-89%) is already dissipated in the near field. 

30 ps 6 ns 

50 pJ (25 pJ) 1 mJ (0.64 mJ) 1 mJ (0.77 mJ) 10 mJ (8.2 mJ) 

Shock wave energy EDiss 

dissipated in the vicinity of the 

plasma (pJ) 

8.4 250 450 5200 

Shock pressure ps (MPa) at r=10 

mm 
0.24 1.06 0.99 2.62 

Shock wave duration %s [ns] 

at r = 10 mm 
43 70 77 148 

Shock wave energy Esll0mm [pj] 

at r = 10 mm 
1.52 48 46.2 622 

Degree of conversion of ab¬ 

sorbed energy into shock energy 

i^Diss + ^S/l0mmy^abs 

39.6 46.6 64.4 71.0 

Table 3.1 Shock wave energy in the vicinity of the plasma and at a distance of 10 mm from the plasma. The data 

on the laser pulse energy refer to the energy incident in front of the cell and the energy absorbed at the laser focus 

(in parentheses). The latter is calculated from the plasma transmission data of section 2.3.3 considering the 

absorption and reflection losses along the optical path to the laser focus. 

3.3.4 Plasma size, cavitation bubble size, and bubble energy 

The experimentally determined plasma volume enters as the seed bubble size in the numerical 

calculations of bubble formation and shock wave generation. The values of the seed bubble radius are 

listed in Table 3.2. They refer to bubbles with a volume equal to that of the nonspherical plasmas. The 

acoustically determined radii of the maximum cavitation bubble and the bubble energy calculated from 

them using Eq. (3.30) are listed as well. 
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30 ps 6 ns 

50 pJ (25 pJ) 1 mJ (0.64 mJ) 1 mJ (0.77 mJ) 10 mJ (8.2 mJ) 

Seed bubble radius R0 [pm] 

representing the plasma volume 
8.5 26 18 37 

Maximum bubble radius 
225 780 800 1820 

Bubble energy EB [pJ] 4.7 197 212 2500 

Degree of conversion of absorbed 

energy Eabs into bubble energy EB [%] 18.8 30.8 27.5 30.5 

Table 3.2 Experimental results on the expansion of cavitation bubbles. The data on the laser pulse energy refer to 

the energy in front of the cell and to the energy deposited in the laser focus (in parentheses). The calculated degree 

of conversion from light energy into bubble energy is based on the absorbed energy. 

3.3.5 Numerical calculations of bubble dynamics and shock wave generation 

Figures 3.12 and 3.13 show the calculated evolution of the bubble wall velocity and the pressure 

inside the bubble during the initial phase of bubble expansion following optical breakdown with 30 ps 

and 6 ns pulses. The calculations were performed using the data of Table 3.2. 

Figures 3.14 and 3.15 present the calculated pressure distributions p(r) in the fluid surrounding 

the bubble at different times t after the start of the laser pulse. For each time t, the position R of the 

bubble wall and the corresponding pressure P(R) are indicated by a dot. The pressure profiles P(R) in the 

liquid become steeper with time until a shock front forms. Afterwards, the pressure profiles begin to 

become double valued. This ambiguity is physically impossible and can, therefore, only be interpreted as 

an indicator of the existence of a physical discontinuity, i.e., of a shock front [Lan91]. The position of the 

shock front can be obtained from the calculated double-valued pressure profile using the conservation 

laws for mass, momentum, and energy flux through the shock front. It is defined by a vertical line in the 

u(r) plots cutting off an area of the overhanging part of the u(r) curve that is a big as the area added under 

the lower section of the curve [Lan91, Rud77]. The position of the shock front was thus determined in 

the u(r) plots (not shown here) and then transferred to the p(r) plots, where it is shown as a dashed line. 

The reduction of the peak pressure values resulting from this procedure corresponds to a dissipation of 

energy at the shock front. 
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Fig. 3.12 Results of the numerical calculations for 30 ps pulses: bubble wall velocity U(t) and pressure P(t) inside 

the bubble during the initial phase of bubble expansion, where t is the time following the start of the laser pulse. 

The parameters used in the calculations were Rna = 8.5 pm and Rnb = 87.2 pm for the 50 pJ pulse and Rna = 26 pm 

and Rnb = 298.3 pm for the 1 mj pulse. Rna is the radius of a sphere with the same volume as the laser plasma and 

Rnb was chosen so that the calculation yields the experimentally observed maximum radius of the cavitation bubble 

(225 pm for the 50 pJ pulse and 780 pm for the 1 mJ pulse). 

Fig. 3.13 Results of the numerical calculations for 6 ns pulses: bubble wall velocity U(t) and pressure P(t) inside the 

bubble during the initial phase of bubble expansion, where t is the time following the start of the laser pulse. The 

parameters used in the calculations were Rna = 18 pm and Rnb = 297 pm for the 1 mJ pulse and Rna = 37 pm and 

Rnb = 671 pm for the 10 mJ pulse. Rna is the radius of a sphere with the same volume as the laser plasma and Rnb was 

chosen so that the calculation yields the experimentally observed maximum radius of the cavitation bubble (800 pm 

for the 1 mJ pulse and 1820 pm for the 10 mJ pulse). 
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Fig. 3.14 Calculated pressure distribution in the liquid surrounding the cavitation bubble after a 30 ps laser pulse 

with an energy of 50 pJ (left column) and 1 mj (right column). The pressure is plotted as a function of the distance 

r from the emission center for different times t after the start of the laser pulse. The same parameters were used for 

the calculations as for Fig. 3.12. The dots indicate the position R of the bubble wall and the corresponding pressure 

P. The position of the shock front is indicated by the dashed lines. 
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Fig. 3.15 Calculated pressure distribution in the liquid surrounding the cavitation bubble after a 6 ns laser pulse 

with an energy of 1 mJ (left column) and 10 mJ (right column). The pressure is plotted as a function of the distance 

r from the shock emission center for different times t after the start of the laser pulse. The same parameters were 

used for the calculations as for Fig. 3.13. The dots indicate the position R of the bubble wall and the corresponding 

pressure P. The position of the shock front is indicated by a dashed line. 

The pressures, ps, at the shock front of the pressure profiles in Figs. 3.14 and 3.15 are plotted as a 

function of distance from the shock source in Fig. 3.16. The form of the ps(r) curves obtained this way is 

in good agreement with that of the experimentally determined ps(r) curves in Fig. 3.6. The slope of the 

calculated curves is, however, somewhat lower than that of the measured curves. 

The shock wave energy in the vicinity of the plasma was also obtained from the calculated 

pressure profiles (Figs. 3.14 and 3.15) using Eq. (3.26). The calculations were done for a distance rm 

from the shock source at which rm/Ro = 6 [Vog96a]. Here an approximately exponential shock wave 

shape has already developed. Since the distance rm is considerably greater than the shock wave width, it 

can in Eq. (3.26) be approximated as constant for the whole shock wave; rm is identified with the center 

of the shock wave. The calculation provides a lower bound estimate of the energy in the shock wave, 

since during the propagation up to the distance rm/Ro = 6 a part of the acoustic energy is already dissipated 
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at the shock front. The resulting conversion rate of absorbed laser energy into acoustic energy lies 

between 17.8% for the 50 pJ, 30 ps pulse and 51.1% for the 10 mJ, 6 ns pulse (cf. Table 3.3). 

Fig. 3.16 Numerically determined 

shock front pressure ps as a function of 

the distance r from the shock source 

after (a) 30 ps pulses with energies of 

50 pJ and 1 mJ and (b) 6 ns pulses with 

energies of 1 mJ and 10 mJ. For the ns- 

pulses, where the shock front pressure is 

lower than the peak pressure at early 

times, the maximum pressure at the 

bubble wall is also indicated. It is 

connected by a dashed line to the data 

points for which the peak pressure lies 

at the shock front. The numbers give 

the local slopes of the ps(r) curves. 
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3.4 Discussion 

3.4.1 Shock wave production 

The most important results of the experimental and numerical investigations on shock wave 

production are summarized in Table 3.3 for a combined discussion. 

30 ps 6 ns 

50 pJ (25 pj) 1 mJ (0.64 mJ) 1 mJ (0.77 mJ) 10 mJ (8.2 mJ) 

Plasma boundary 

Measured pressure ps at the 

plasma boundary (MPa) 
1300 1700 2400 7150 

Calculated maximum bubble 

pressure P [MPa] 
1126 1741 4861 8801 

Calculated shock wave data for 

rJRo = 6 

Width as (pm) 32 93 54 114 

aJRo 3.8 3.6 3.0 3.1 

Duration xs (ns) 20 53 33 58 

Energy E°“more (|iJ) 4.44 214 309 4190 

Degree of conversion of 

absorbed energy Eubs into shock 

wave energy Es (%) 

17.8 33.4 40.1 51.1 

Data for r = 10 mm 

Pressure ps (MPa) 0.24 1.06 0.99 2.62 

Duration xs (ns) 43 70 77 148 

Energy Esn0mm &iJ) 1.5 48 46.2 622 

Measured shock wave energy 

Shock energy EDiss dissipated in 

the vicinity of the plasma (p J) 
8.4 250 450 5200 

+ EsnOmm) M 9.9 298 496 5822 

Degree of conversion of 

absorbed energy Eabs into shock 

wave energy (EDiss+Es/IOmJ (%) 

39.6 46.6 64.4 71.0 

Table 3.3 Summary of the experimental and numerical results on shock wave generation. The data on the laser 

pulse energy refer to the energy in front of the cell and the energy deposited in the laser focus (in parentheses). 
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3.4.1.1 Formation of the shock front 

The initial pressure distribution for optical breakdown depends in a complicated way on the 

intensity profile of the laser beam, the intensity dependence of the absorption coefficients, the laser pulse 

shape, and the migration of the plasma front toward the pulse. The pressure wave emitted as the plasma 

expands initially has a finite risetime, so the shock front, with its pressure discontinuity, first develops 

after the wave has traveled a certain distance. Numerical calculations of the shock wave propagation 

make it possible to estimate this distance. Here it will be assumed for simplicity that the pressure in the 

plasma (or in a seed bubble of the same size as the laser plasma) is homogeneous and falls off suddenly at 

the plasma boundary. 

The pressure rise inside the seed bubble occurring during the laser pulse causes a compression of 

the surrounding liquid, whereby the leading edge of the compression wave corresponds approximately to 

the leading edge of the laser pulse. The pressure transients created by the picosecond pulses thus have an 

initial risetime of only 30 ps, which leads to the formation of a shock front within about 100 ps following 

the start of the laser pulse (Fig. 3.14). The transients created by the nanosecond pulses initially have a 

longer risetime of about 6 ns, so a shock front is formed over a much longer period of about 10 ns 

(Fig. 3.15), which corresponds to a path length of about 20 pm. 

If the plasma boundary is not as sharp as assumed in the calculations, then shock front formation 

may require a somewhat longer time. Conversely, the time to form the shock front is shorter if the 

movement of the plasma front during the first half of the laser pulse is also taken into account. The 

plasma front velocity is about 1540 km/s for a focal angle of 22° and a 6 ns laser pulse (Table 2.7). The 

penetration depth of the light in the plasma is about 30 pm, since the average absorption coefficient in the 

plasma is about 330 cm*1 (Table 2.8). The plasma front, therefore, will travel a distance corresponding to 

the optical penetration depth in about 1 ns. Thus, in the first half of the laser pulse, the pressure rise at 

every point in the breakdown volume occurs within 1 ns, and is therefore substantially faster than implied 

by the calculations which assume that the pressure rise follows the laser pulse shape. During the second 

half of the pulse, on the other hand, when the plasma length remains constant, a slower pressure rise 

occurs in the side of the plasma facing the laser. 

3.4.1.2 Maximum pressure at the plasma boundary 

The maximum shock pressure at the plasma boundary depends on the energy density in the 

plasma volume which is determined by the absorbed laser pulse energy, the original plasma volume and 

the extent of the plasma expansion during the laser pulse. The shock pressure is generally higher after ns- 

pulses than after ps-pulses (Table 3.3). This pressure difference is a consequence of the fact that the 

fluence threshold Fth for optical breakdown is lower for the ps-pulses than for the ns-pulses, so that the 
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threshold can be exceeded within a greater volume for equal pulse energies. The volume increase results 

in a lower energy density in the ps-plasmas and, thereby, a lower pressure. 

With both pulse lengths, the pressure at the plasma boundary is higher at pulse energies well 

above the threshold than near the threshold. For a 10 mJ pulse it is almost three times higher than for a 

1 mJ pulse. Similar results were obtained by Noack (1998a) in detailed studies of the energy dependence 

of the shock pressure. A possible explanation is that after passing the intensity peak of the laser pulse the 

plasma growth ceases, and most of the laser energy will be deposited in a region on the laser side of the 

plasma that is only about 30 pm thick (determined by the optical penetration depth in the plasma, see 

Table 2.8). The energy density attained this way at the laser end of the plasma is substantially higher at 

high pulse energies than for low energies. 

For the ps-pulses the calculated maximum internal bubble pressure agrees well (±13%) consistent 

with the experimentally determined pressure at the plasma boundary. For the 1 mJ nanosecond pulse, on 

the other hand, the calculated value is roughly twice the experimental value and for the 10 mJ pulse it is 

slightly higher. One possible explanation for the discrepancy observed with the ns pulses is the blurring 

of the picture of the shock wave during the roughly 6 ns illumination time for the photographs. Because 

of the blurring, the location of the shock front is detected too far away from the source, and this effect is 

strongest close to the plasma boundary where the shock speed is highest. In this way, the slope of the 

measured r$(t) curves diminishes, especially in the neighborhood of the plasma, as do the resulting shock 

velocities and pressures. This measurement artifact can be avoided if the rs(t) curve is detected by streak 

photography with an effective illumination time shorter than 200 ps [Noa98a,b]. The pressure amplitudes 

at the plasma boundary determined by streak photography are clearly higher than those determined here 

by framing camera photography (8400 MPa vs. 2400 MPa for 1 mJ pulses and 11800 MPa vs. 7200 MPa 

for 10 mJ pulses) [Noa98b]. Doukas, et al. (1991), on the other hand, obtained substantially lower peak 

pressures than found here (under 700 MPa for all pulse energies up to 14 mJ), because the limited spatial 

resolution of this measurement technique did not allow them to measure up to the plasma boundary. 

A comparison between the experimental data and numerical calculations is made difficult by the 

use of two different material specific equations for the calculations and the evaluation of the experimental 

data, respectively. For equal shock velocities, the Hugoniot curves of Rice and Walsh (Eq. (3.22)) yield 

higher pressures than the Tait equation (3.4) employed in the Gilmore model and are, in particular, more 

exact for p>2 GPa (cf. 3.1.6 and 3.1.7). It would be desirable to use the Rice and Walsh equation for the 

numerical calculations. The combination ofEq. (3.22) and the jump conditions (3.18)-(3.20) leads to 

transcendental equations for the pressure and density as functions of the particle velocity. As opposed to 

the isentropic Tait equation, there, hence, is no explicit relationship between the pressure and density, so 
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that the sound speed and enthalpy required for integrating Eq. (3.1) must be determined numerically. The 

effort required to do this is beyond the scope of the present work. 

Calculations with the Los Alamos MESA-2D code employing the tabulated SESAME equation of 

state gave a peak pressure of 4300 MPa for a 1 mJ, 30 ps pulse under the present experimental conditions 

[Cha97]. This value is a factor of 2.5 higher than the measured pressure and that calculated using the 

Gilmore model (Table 3.3). For 6 ns, 10 mJ pulses, calculations yielded a peak plasma pressure of 

9500 MPa, likewise somewhat higher than the 8800 MPa given by the Gilmore model [Sca98]. 

3.4.13 Shock wave width and duration 

The shock waves appear in the photographs as dark stripes (Figs. 3.4 and 3.5) since the gradient 

in the refractive index created by the pressure wave causes the illumination light to be deflected out of the 

photographic objective. The width of the shock wave image is, thus, determined both by the gradient in 

the refractive index and the numerical aperture of the objective lens. The half width of the shock wave 

image may therefore, not simply be identified with the half width of the shock wave. As the shock wave 

detaches from the plasma, the gradient behind the shock front is not very steep (Figs. 3.14 and 3.15), so 

this region does not appear dark on the photograph. However, because of compression waves behind the 

shock front owing to plasma inhomogeneities and vortices initiated as the shock front passes [Lan91], 

additional refractive index gradients can develop and appear as darkening. 

The values of the shock wave width and duration in the neighborhood of the plasma obtained by 

numerical calculation and the shock wave durations at 10 mm from the source determined from the 

hydrophone measurements are summarized in Table 3.3. The shock wave width near the plasma at a 

distance rm/R0 - 6) was obtained from the calculated p(r) profiles in Figs. 3.14 and 3.15 and the 

corresponding shock wave duration xs was determined considering the local shock wave velocity. The 

shock wave durations measured at a distance of 10 mm range from 43 ns for a 50 pJ, 30 ps pulse to 148 

ns for a 10 mJ, 6 ns pulse. These values lie in the same range as the data of Ebeling (1978), Dunina, et al. 

(1982), Vogel, et al. (1988), Ward and Emmony (1991), and Alloncle (1994), but they are lower than the 

200-400 ns obtained by Teslenko (1977) and Schoffmann, et al. (1987) with higher laser energies. 

Results by other authors for the shock wave width in the immediate vicinity of the plasma are available 

for the 1 mJ picosecond pulse and 10 mJ nanosecond pulse. Chapyak, et al. (1997) obtained a width of 

36 pm for 30-ps pulses, which is to be compared with 93 pm in Table 3.3, and Scammon, et al. (1998) 

calculated a width of 41 pm for 6-ns pulses, which is to be compared with 114 pm in the present study. 

The initial shock wave duration is longer for ps pulses than for ns pulses with the same energy. It 

is, therefore, not proportional to the laser pulse duration in the range of pulse durations studied here. 

Shock wave production and bubble expansion after picosecond pulses are an "impulse response" to a 
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quasi-instantaneous energy input, and the situation is similar for nanosecond pulses, since the bubble wall 

moves insignificantly during the laser pulse. Under these circumstances, the shock wave duration does 

not depend on the laser pulse duration, but only on the pressure in the plasma and the plasma size 

[Col48]. Since the pressure is higher in the ns plasmas than in the ps plasmas, the cavitation bubble 

expands more rapidly, so that the pressure inside the bubble also falls more rapidly, and this leads to a 

shorter shock duration or width. The pulse duration dependence becomes evident if the shock width as is 

normalized to the initial radius Ro of the cavitation bubble corresponding to the plasma radius: aJR0 is 

3.6-3.8 for ps pulses, but only 3.0-3.1 for ns pulses (Table 3.3). The normalized shock wave width is 

nearly independent of the laser pulse energy, in accord with the similarity principle formulated by Cole 

(see Section 3.1.8). The width of the energy range over which the similarity principle is valid is 

remarkable: the normalized width of laser induced shock waves is approximately the same as the value 

aJRo = 2.5 calculated by Penney and Dasgupta for the detonation of a 900 kg TNT charge [Col48, 

p. 132]. The similarity of the normalized shock wave widths in both cases is based on the similarity of 

the energy density in TNT (about 5 J/mm3) and laser plasmas (about 10 J/mm3 in ps plasmas and 

40 J/mm3 in ns plasmas; cf. Section 2.3.5). 

The shock wave duration at a distance of 10 mm from the source is longer for all laser parameters 

than the initial shock wave duration in the vicinity of the plasma, owing to the nonlinearity of sound 

propagation at high pressure [Col48]. The pressure'dependence of the sound speed means that the parts 

of the trailing edge of the shock wave for which c+u is smaller than us will fall ever further behind the 

shock front and this, in turn, leads to a lengthening of the shock duration. The nonlinearity of the sound 

propagation has a stronger effect at higher initial pressures; thus, the increase in the shock duration for the 

1 mJ ns pulse is more marked than for ps pulses with the same energy. 

3.4.1.4 Pressure drop during shock wave propagation 

For spherical acoustic transients for which dissipation and lengthening of the pulse can be 

neglected as they propagate, one can expect the pressure to drop as r1. The corresponding slope of the 

log-log plots ofps(r) curves is -1. For cylindrical acoustic sources, the pressure decreases as r05. In the 

case of shock propagation, where the dissipation of acoustic energy and the broadening of the pressure 

pulse with distance cannot be neglected [Col48], the pressure decay is significantly greater. 

Experimental observations. For the shocks generated by nanosecond pulses, a pressure drop 

proportional to f(2'2'5) was observed at a distance of 100-200 pm from the emission source (Fig. 3.8b). 

This decay rate agrees well with the results of Noack (1998a,b), who obtained a dependence of the form 

Ps 00 r 2 7 using streak photography. 
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In the immediate vicinity of the ns-plasma, the slope of the p$(r) curves is lower than at 

somewhat greater distances. Initially, it has a value near -1 and then decreases continuously over a 

distance of about 60 pm (i.e., a time of about 25 ns) to a value near -2.5. (Figs. 3.8b and 3.16b). This 

decrease may reflect the relative increase in the dissipation of acoustic energy as the shock front develops. 

The measurement artifacts owing to the blurring of the motion in shock wave photography described in 

Section 3.4.1.2 are a further cause of the slower pressure decay at the beginning of the p(r) curve. In the 

p(r) curves for pico-second pulses (Figs. 3.8a, 3.16a), no such pronounced change of the slope was 

observed, since the shock front already exists after about 100 ps and the shock wave pictures exhibit no 

blurring of the motion. 

The pressure decay is slower for picosecond than for nanosecond pulses, probably because the 

normalized shock width aJR0 is greater for ps pulses (Table 3.3) and, thereby, provides a larger energy 

reservoir for compensating the dissipation at the shock front. After the 1 mJ picosecond pulse, the ps(r)- 

curve initially has a slope between -1.2 and -1.4 (Fig. 3.8a), which falls to -1.7 at a somewhat greater 

distance from the source. The initially slower pressure drop is probably attributable to the elongated 

shape of the ps plasmas at high pulse energies, which produce almost cylindrical shocks. The shocks 

after 50 p J pulses are spherical, so that their pressure falls more rapidly. 

Doukas, et al. (1991) have found that the pressure falls, on the average, as r2 for spherical shocks 

propagating over 200 pm < r< 1.5 mm. They presented a theoretical validation of their results by 

deriving an r2 dependence from momentum conservation in the shock front. This argument, however, 

neglects the broadening of the shock profile, which is especially marked near the source, where it leads to 

a more rapid drop in the shock pressure. 

If one considers the near and far field data together (cf. Fig. 3.9), a distinct decrease in the slope 

of the ps(r)- curves is observed at about 100 MPa. A similar observation has been made by Alloncle, et 

al. [A1194]. In the far field the slope lies between -1.05 and -1.12 (Fig. 3.9). These values are in good 

agreement with the observations of Schoffmann, et al. and Arons, who found -1.12 [Sch87] and -1.13 

[Aro54] for laser-induced breakdown and underwater explosions, respectively. Arons found the same 

constant for the pressure drop in a pressure range of over 4 orders of magnitude, from 140 MPa to 

0.01 MPa. Once a shock front develops as a result of nonlinear acoustic propagation, it remains over a 

large pressure range, even down to pressures where the shock speed approaches the normal sound speed 

[Rog77]. Correspondingly, shock front risetimes in the sub-nanosecond range have been measured even 

for pressure jumps below 1 MPa [Flo55, Eis64]. It is, therefore, misleading when some authors speak of 

a "shock wave region" of only 200-500 pm surrounding the plasma [Fuj85, Zys89, Dou91], The only 

characteristic feature of this range is, in fact, that the shock speed is easily distinguishable from the 



SHOCK WAVE EMISSION 112 

normal sound speed. For pressure values below 15 MPa, the difference in velocities is very difficult to 

measure, but the shock front still exists. 

Numerical solutions. At pressures below 100 MPa, the experimental data for shock propagation 

(ps oc r—1*05...—1.12 ^ can ke described quite well by the approximate analytical solution for weak shocks 

[Poc71, Rog77]. However, the approximate solution cannot model the large slopes of the measured ps(r)- 

curves at higher pressures. At those pressures, the numerical solutions based on Eqs. (3.15) and (3.17) 

provide significantly better results. 

The general form of the numerically calculated ps(r)~ curves (Fig. 3.16) resembles that of the 

experimental ps(r)~ curves: the curves for nanosecond pulses have a slope somewhat smaller than -1 near 

the shock source, where the shock front is still developing. The slope then decreases (for the 10 mJ pulse) 

to -1.79 and below 100 MPa again rises to -1.4. For the picosecond pulses, the slope of the ps(r)- curves 

changes less strongly than for the nanosecond pulses, as in the experiments, since here the shock front 

develops within the first 100 ps. 

A shape of the ps(r)- curves similar to that found here was obtained by Akulichev, et al. (1968) in 

their calculations of the propagation of pressure waves generated during the collapse of cavitation 

bubbles. In the numerical studies of bubble collapse by Hickling and Plesset (1964) and Fujikawa and 

Akamatsu (1980), on the other hand, the calculations were brought to an end just when the shock front 

had developed. Thus, no decay constant smaller than -1 was obtained even when the pressure in the 

collapsed bubble was greater than 2000 MPa [Hic64]. 

Although the shape of the calculated ps(r)- curves is similar to the experimental ps(r)- curves, the 

pressure drop is, in general, not as fast as in the measured curves. The main cause of this deviation is 

probably the use of different equations of state. If the relation (3.24) derived from the Tait equation was 

used to interpret the experimental data, then at high shock velocities the resulting pressures were clearly 

lower than those obtained on the basis of the equation of state of Walsh and Rice (cf. Section 3.1.7). In 

this way, the maximum slope of the ps (r)- curve would approach the prediction of the Gilmore model. 

A reason for the deviation between calculated and experimental ps(r)- curves might be that the bubble 

wall velocity calculated with the Gilmore model in the initial phase is always lower than the experimental 

value (cf. Section 3.4.2.1). The bubble wall velocity equals the fluid velocity u next to the bubble wall. 

The velocity c+u at which the quantity r{u!2 + h) propagates in the fluid according to the Kirkwood- 

Bethe hypothesis is, hence, too low, so that the nonlinearity in the propagation of sound and the energy 

dissipation in the shock front will be underestimated. 
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3.4.1.5 Shock wave energy and energy dissipation 

The shock wave energy was obtained in two ways: (i) by integrating the energy dissipated in the 

near field and adding the energy that remains at r = 10 mm (Section 3.3.3) and (ii) from the shock profiles 

calculated for rJRo = 6 (Section 3.3.5). The results of both approaches are generally in good agreement 

with one another (Table 3.3). It is, however, noteworthy that the second approach yields lower values for 

all the laser parameters. This result can be explained by the fact that during the passage of the pressure 

pulse to the position rJRo~ 6, part of the acoustic energy is dissipated. 

The degree of conversion of the light energy absorbed at the laser focus intp acoustic energy lies 

between 40% for a 50 pJ, 30 ps pulse and 71% for a 10 mJ, 6 ns pulse. The degree of conversion is 

greater for ns than ps pulses, since they produce more compact plasmas with a higher energy density 

(cf. 2.3.5). The degree of conversion is also higher for pulse energies well above the breakdown 

threshold, probably because of a higher energy density in the plasma. 

By the time the shock is 10 mm from the source, 85-89% of the acoustic energy has been 

dissipated as heat in the fluid. The percentage of dissipated energy is highest for 10 mJ, 6 ns pulses 

(89%), although at a distance of 10 mm from the source the dimensionless path r/Ro is much lower than 

for 50 pJ, 30 ps pulses, where 85% of the initial energy is lost. The stronger dissipation in the 10 mJ 

pulses is probably attributable to the higher initial pressure of the shock wave. 

Fig. 3.9 indicates that the bulk of the dissipation takes place within a range of a few hundred 

micrometers. This result shows that the shock energy will be greatly underestimated if one tries to 

determine it from the far field measurements, as was done previously [Tes77, Vog88]. 

The dissipation of acoustic energy in the neighborhood of the plasma leads to a rise in the fluid 

temperature. For shocks stronger than about 7500 MPa, the temperature rise is so large that the critical 

temperature of water is exceeded (cf. Section 3.1.9). Pressures of this magnitude will be attained during 

optical breakdown with nanosecond pulses for pulse energies above about 10 mJ (cf. Table 3.3). At these 

pulse energies, the bubble wall dynamics is modified in the initial phase following optical breakdown. In 

a region where a pressure of 7500 MPa is exceeded, water vapor is formed, as soon as the pressure in the 

passing shock wave falls below the critical pressure of 22 MPa. Detailed documentation on bubble 

growth during shock-induced vaporization has been provided by Vogel and Noack (1998c). 
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3.4.2 Cavitation bubble expansion 

Table 3.4. summarizes the most important findings on bubble expansion for a unified discussion 

of the experimental and numerical results. 

30 ps 6 ns 

50 pJ (25 pJ) 1 mJ (0.64 mJ) 1 mJ (0.77 mJ) 10 mJ (8.2 mJ) 

Seed bubble radius R0 = Rna 

(seed bubble volume = plasma 

volume) (pm) 

8.5 26 18 37 

Maximum bubble radius Rmax 

(pm) 
225 780 800 1820 

Measured max. bubble wall 

velocity uBmax (m/s) 
390 780 1850 2450 

Calculated max. bubble wall 

velocity Umax (m/s) 
405 494 905 1106 

Bubble energy EB (pJ) 4.7 197 212 2500 

Degree of conversion of 

absorbed energy Eabs into bubble 

energy EB (%) 

18.8 30.8 27.5 30.5 

Table 3.4 Summary of the experimental and numerical results on bubble expansion. The data on the laser pulse 

energy indicate the energy in front of the cell and the energy deposited at the laser focus (in parentheses). 

3.4.2.1 Bubble wall velocity 

The initial bubble wall velocity approximately equals the initial post-shock particle velocity 

calculated from the experimentally determined shock velocities (Fig. 3.7), in good agreement with 

theoretical predictions where ubU = 0) = up(t = 0) [Pet87]. Afterwards, the measured bubble wall velocity 

increases for a few nanoseconds (except in Fig. 3.7a, where uB data are only available for t > 6 ns) and 

then decreases again. The maximum bubble wall velocities are on the order of the normal sound speed in 

water, and for ns pulses they are even greater than the sound speed (Table 3.4). 

These observations lead to the following picture of the early phase of bubble expansion: as soon 

as a plasma with a high pressure within its volume is produced, the surrounding fluid will be compressed 

and begin to flow radially outward. The compression wave propagates in the fluid and draws ever more 

fluid into the radial flow. This flow always begins with a rapid acceleration of the stationary fluid in front 

of the shock to the (pressure dependent) post-shock particle velocity. Near the plasma, the acceleration of 
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the surrounding fluid lasts until after the shock front has detached, since the pressure inside the bubble is, 

as before, very high. The radial flow at the bubble wall, thus, reaches a higher peak velocity than the 

initial particle velocity at the shock front. With time, however, the kinetic energy imparted to the fluid is 

distributed over an ever larger fluid volume between the bubble and shock radius, so that the bubble wall 

velocity falls again after about 10 ns. At this time, the pressure inside the bubble is still well above the 

hydrostatic pressure (cf. Fig. 3.12 and 3.13) and, as before, drives the expansion of the bubble. 

The numerical calculations of the bubble wall velocity using the Gilmore model provide a 

somewhat different picture (Figs. 3.12 and 3.13), according to which the bubble wall is accelerated 

continuously from an initial velocity of zero for 10-20 ns, during which time the bubble wall velocity is 

lower than the post-shock particle velocity (cf. Fig. 3.7). The inconsistency is especially clear in the case 

of a 1 mJ, 30 ps pulse, where the experimental us data imply that a particle velocity of 630 m/s is reached 

at the plasma or bubble wall at the end of the laser pulse (Fig. 3.7b). The bubble wall velocity calculated 

with the Gilmore model was less than 500 m/s and does not reach this maximum until 20 ns after the 

pulse (Fig. 3.12b). For all the other laser parameters, the calculated peak bubble wall velocity is also 

lower and reached later than the experimentally observed maximum; 100 ns after the laser pulse, 

however, the calculated velocities are higher than the measured velocities. 

The deviation from experimental data and the inconsistency with the above theoretical arguments 

probably occur because, in deriving the Gilmore equation (3.1) for the bubble dynamics, it was assumed 

that the pressure, density, and enthalpy in the surrounding fluid are constant. The effect of the fluid on 

the motion of the bubble wall was taken into account in an integral fashion. In reality, however, an 

instability in the form of a shock front develops within the fluid which is responsible for the initial jump 

in the bubble wall velocity from zero to up but which was not taken into account in the derivation. 

Calculations using finite element hydrodynamic codes based on the local states of the bubble content and 

the fluid yield a correct representation of the sudden rise in the bubble wall velocity [Sca98]. 

3.4.2.2 Bubble energy 

The bubble energies (Table 3.4) are, for all laser parameters, about half the total shock energy 

(Table 3.3), but 3-4 times the acoustic energy measured at a distance of 10 mm from the plasma. If the 

bubble energy were compared only with the acoustic energy determined from far field measurements as 

in Vogel, et al. (1988), this would lead to an overestimate of the relative significance of the bubble 

dynamics in the events associated with optical breakdown. 
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3.4.3 Possible effects of shock waves and bubble expansion on tissue 

The energy in the shock wave and bubble are of similar magnitudes, but the two forms of 

mechanical energy act on very different time scales and produce different effects in tissue. 

Shock waves. After plasma formation, tissue is first exposed to the shock wave, which, 

depending on the laser parameters and the distance from the plasma, passes over a given site in the tissue 

within 20-150 ns (Table 3.3). The important changes in state happen in the shock front over a time that is 

about 1000 times shorter than the total duration of the shock wave. The thickness of the shock depends on 

the pressure jump at the shock front [Eis64, Lan91 pp448-452]. Harris and Presles (1981) obtained a 

shock thickness of 2.4-5 nm for pressures of 2000-10000 MPa, which corresponds to a rise time of a few 

picoseconds; for a pressure of 580 MPa they found a risetime of 20 ps (corresponding to a thickness of 

about 40 nm) [Har82]. A risetime of 700 ps (corresponding to a shock thickness of 1 pm) was observed 

for a pressure jump of 10 MPa [Eis64]. 

The present data show that the shock front from a 1 mJ nanosecond pulse is fully developed after 

a distance of 50-60 pm from the source (Figs. 3.8 and 3.13). The pressure jump is then about 1000 MPa 

and the pressure gradient is 2.5 x 107 MPa/mm. The pressure jump is associated with a 1.22 times 

compression of tissue, as well as with an acceleration of the medium to a particle velocity of 430 m/s, 

both within only 20 ps. Thus, for 20 ps the acceleration reaches 2.15 x 1013 m/s2 or 107 times that in an 

ultracentrifuge. The rapid compression in the region of the shock front is accompanied by the conversion 

of kinetic energy into heat and leads to a temperature rise of about 35° [Duv63, Jus85]. Despite the high 

post-shock particle velocity, the displacement d of the tissue as the entire shock wave passes is relatively 

small. It can be estimated as d = ts up and is 14 pm right behind the shock front at ps = 1000 MPa. At a 

distance of 0.8 mm, which corresponds to the maximum cavitation bubble radius in water, the 

displacement of tissue by the shock is only 0.5 pm and at a distance of 15 mm (a typical distance between 

the application site and the retina in posterior capsulotomy), only 40 nm. Viscous damping at the shock 

front is accompanied by shear forces over molecular dimensions, which are proportional to the pressure 

gradient [Zel66]. They can become extremely high, but last only a very short time. 

In general, the above discussion implies that the passage of shock waves leads to strong changes 

of state and to strong forces, but these are limited to very small dimensions. They can cause the breaking 

of chemical bonds [Ham69, Smi75, Gra79, Sus88], damage to cell organelles and membranes [Dou93, 

Del94, Dou95], or fragmentation of DNA [Tes95]. The destructive effect of monopolar pressure pulses is 

often attributed to the high pressure gradients in the rising portion of the pressure pulse [Dou95] or shock 

front [Gra79]. Other studies attribute it to the shock wave impulse [KodOO]. The damaging effect of 

thermoelastically induced bipolar transients, on the other hand, is ascribed to the trailing edge of the pulse 

[Ham69, Smi75, Cle77, Zhi98]. The tension produced by a 10 MPa bipolar pressure pulse is about 1/6 
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the strength of a C-C bond [Ham69, Cle77]. Bipolar transients arise not only through thermoelastic 

acoustic sources, but also during optical breakdown, when this takes place in tissue with a sufficiently 

high viscosity or elasticity (cf. Section 7.2.7.1 and [Vog99]). Tensile stresses can also be produced by 

reflection at acoustic impedance discontinuities in tissue (e.g., at the interfaces between cell nucleus and 

cytoplasm, between collagen fibers and background material, cornea and aqueous humor, lenses and 

vitreous humor, etc.) during the propagation of initially monopolar pressure pulses. Even though the 

amplitude of these tensile stresses is not very high because of the relatively small impedance difference in 

the tissue (the density varies by about 10%), they can still lead to cellular damage since tissue is much 

more sensitive to tensile stress than to pressure [Cum93, Par79]. Besides leading to tensile stresses, the 

density variations in various tissue or cell constituents can also lead to the appearance of shear forces, 

since the acceleration of an individual cell constituent is inversely proportional to its density. Shear 

forces are manifested primarily in damage to cell membranes [Roo74]. 

Bubble expansion. In contrast to the effect of shock waves, the expansion of cavitation bubbles 

is associated with a macroscopic motion of the surrounding medium: the maximum bubble wall velocity 

after a 1 mJ, 6 ns pulse is 1850 m/s and it stays above 200 m/s for the first 100 ns. The bubble radius 

increases from 18 pm to 60 pm within this time interval. The maximum bubble radius of 800 pm is 

reached after 73 ps. The expansion of a cavitation bubble thus leads to a large, and initially very rapid, 

displacement of the material surrounding the plasma. This displacement can lead to rupture of tissue on a 

macroscopic level, especially if the tissue matrix is already weakened owing to microscopic changes 

caused by the shock wave. 

In clinical practice the application site usually lies in the vicinity of some tissue boundary, so that 

the bubble dynamics is not entirely spherical. During the collapse phase this asymmetry can result in 

motion of the cavitation bubble and to the formation of a liquid jet in the direction of the boundary, which 

can in turn lead to a strong concentration of energy at some distance from the application site [Vog89, 

Vog90]. As will be shown in the next chapter, this concentration mechanism contributes to the damage 

potential of the cavitation bubble dynamics. 

The different scales of the mechanical motion in the shock front and around the cavitation bubble 

suggest that the morphology of the macroscopically observable mechanical tissue effects is dominated by 

the cavitation bubble dynamics. This will be confirmed by the histologic studies of Chapter 7. 

Weakening of tissue by a shock wave probably occurs mostly within the first 100-300 pm of the shock 

propagation, where the bulk of the acoustic energy is dissipated (cf. Fig. 3.9). This region is clearly 

smaller than the maximum cavitation bubble radius (800 pm for a 1 mJ pulse energy). The shock wave 

effects are, therefore, concealed by the consequences of bubble expansion, although they can certainly 

contribute to weakening of tissue structures and, thereby, to the disruptive effect of optical breakdown. 
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Similar conclusions can be reached by considering the zone in which the pressure is high enough 

to cause functional cell damage. Doukas et al. found that monopolar laser-induced pressure pulses caused 

cell damage when their amplitude exceeded 50-100 MPa [Dou93] and the pressure gradients exceeded 

2 MPa/pm [Dou95]. After a 1 mJ, nanosecond pulse, a pressure of 50 MPa will be reached only to a 

distance of 250 pm from the source which is much less than the maximum bubble radius of 800 pm. 

The possible range of the shock wave effects can extend beyond the maximum cavitation bubble 

radius only if the shock wave energy is concentrated and converted into a macroscopic fluid flow. If the 

shock encounters a gas bubble produced by a previous laser pulse, then this bubble will be collapsed by 

the shock and a liquid jet will be produced in the propagation direction of the shock wave (cf. [Vog90] 

and Section 5.2). This liquid jet can cause tissue damage at a distance from the plasma more than four 

times the maximum cavitation bubble radius ([Vog90] and Section 7.2.4). 
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3.5 Summary and clinical consequences 

3.5.1 Summary 

Shock wave formation and cavitation bubble expansion after optical breakdown with 30 ps and 

6 ns NdiYAG laser pulses with energies between 50 pJ and 10 mJ have been studied by time resolved 

photography, hydrophone measurements, and numerical calculations based on the Gilmore model for 

cavitation bubble dynamics. The calculations relied on the experimentally determined laser pulse 

durations, plasma size, and maximum cavitation bubble radius, i.e., on simply measurable parameters. 

Calculated and experimental values for the maximum shock pressure and the maximum bubble wall 

velocity differed by less than a factor of 2 from one another for all laser parameters investigated. Given 

the simplifying assumptions for the calculations and the required high temporal and spatial resolution of 

the measurements, this agreement is very good. 

The experimental and numerical results are complementary. They provide the following picture 

of the events following optical breakdown with ps and ns pulses: 

Conversion of light energy into mechanical energy. During expansion of a laser produced 

plasma, a large percentage of the absorbed laser energy (48-71% for picosecond pulses and 80-92% for 

nanosecond pulses) is converted into the mechanical energy of the shock wave and the cavitation bubble. 

About 2/3 goes into the shock and 1/3 into the bubble. The efficiency of the conversion into mechanical 

energy is lower for ps pulses than for ns pulses, since the energy density in ps plasmas is lower, so that a 

larger percentage of the energy is required in order to vaporize the fluid in the plasma volume. 

Shock wave production. The measured pressures at the plasma boundary range from 1300 MPa 

(50 pJ, 30 ps) to 7150 MPa (10 mJ, 6 ns). During the formation phase for the shock front, in the first 

10 ns, the ps(r)- curves for ns pulses have an initial region with relatively lower energy dissipation, where 

the pressure falls off roughly proportional to r1. Next an intermediate region with stronger dissipation 

and ps°* r *2'"'2'5 follows. Below about 100 MPa a region with lower dissipation and ps<* r ~1’05"'106 sets 

in. This region of "weak shock propagation" extends to a distance of some centimeters from the shock 

source region and to pressures below 0.1 MPa. For ps pulses, the shock front forms within about 100 ps 

after the laser pulse, and the ps(r)- curve already manifests a relatively strong dissipation from the very 

beginning. The pressure drop in the near field is, however, smaller than for ns pulses, since the initial 

pressure is lower and the relative shock width is greater and since the ps-plasmas have a more strongly 

cylindrical shape at higher pulse energies than ns-plasmas. In the far field the pressure falls off as 

« r106' as with the ns pulses. 
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Within the first 10 mm of shock wave propagation, 85% (50 pJ, 30 ps) to 89% (10 mJ, 6 ns) of 

the shock energy will be dissipated, mostly in the immediate vicinity of the plasma (r < 0.1-0.3 mm). At 

high laser-pulse energies the energy dissipation at the shock front in the immediate vicinity of the plasma 

leads to vaporization of the fluid and, thereby, to an increase in the bubble volume. 

The calculated shock wave duration xs in the vicinity of the plasma (at rJR0 = 6) ranges from 20 

to 58 ns, and the measured duration at r = 10 mm from 43 to 143 ns. The increase in zs with increasing 

distance originates in the pressure dependence of the sound speed. Within the parameter range studied 

here, xs is not correlated with the laser pulse length, but with the plasma size and the energy density in the 

plasma. The ratio of the shock wave width and plasma radius is roughly constant when the laser pulse 

energy is varied, in agreement with the similarity principle formulated by Cole [Col48]. Limitations on 

the validity of the similarity principle arise from the energy dependence of the pressure within the ns- 

plasmas. 

Cavitation bubble expansion. The initial cavitation bubble volume corresponds to the plasma 

volume. The initial bubble contents are not gaseous, but supercritical, water. Steam forms only as the 

temperature and pressure inside the bubble decrease below the critical values. From then on a distinct 

phase boundary exists between the bubble and the surrounding fluid. Since the bubble expansion and 

shock wave production are both driven by the expanding plasma, the initial bubble wall velocity equals 

the initial post-shock particle velocity as the shock detaches from the plasma. The bubble wall velocity 

then increases for a few nanoseconds more, because of the high pressure in the bubble interior, and 

reaches a maximum about 10 ns later. The maximum is 390-780 m/s for ps pulses and 1850-2450 m/s for 

the ns pulses, higher than the normal sound speed in water. The rapid expansion leads to a maximum 

bubble radius of 225 pm for 50 pJ, 30 ps pulses and 1.8 mm for 10 mJ, 6 ns pulses. 

3.5.2 Clinical consequences 

The desired primary surgical effect of the laser pulses in intraocular microsurgery is the 

vaporization of the tissue within the plasma volume. This effect can be aided by the disruptive 

mechanical effects resulting from shock production and bubble expansion, but the latter can also cause 

undesired side effects in the neighborhood of the application site. The ratio of the vaporization energy 

and mechanical energy for the ps pulses is about 5 times higher than for the ns pulses. Ps pulses are, 

therefore, especially suited to all laser applications in which tissue effects with minor disruptive side 

effects are desired. 

Shock wave induced tissue effects occur primarily on a cellular and subcellular level, while 

cavitation leads to macroscopic tissue rupture. The mechanical effects during plasma aided surgery are, 
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therefore, dominated by cavitation and the range of the effects from a single laser pulse is on the order of 

the cavitation bubble radius. Close to the plasma, in a region with about 1/3 the maximum cavitation 

bubble radius, the shock waves can, however, cause a weakening of the tissue matrix that greatly 

facilitates the destructive action of the oscillations of the cavitation bubble. 

For the laser pulse energies used clinically, the pressures at a distance of 15 mm (the typical 

distance from the posterior lens capsule to the retina) are on the order of 1 MPa. Even though this 

pressure is 10 times atmospheric pressure, it produces a tissue displacement of only about 40 nm and has, 

therefore, a low potential for side effects. 

Numerical modeling of the bubble dynamics and shock formation with the aid of the Gilmore 

model can be used as a method for optimizing the parameters for medical laser applications, since it can 

easily cover a very wide parameter range. At the same time, the validity of the model is not limited to 

plasma-induced effects, and it can be used in a similar form to study tissue ablation by short laser pulses. 

Vogel, et al. (1996b) have used it to develop a strategy for minimizing cavitation-induced disruptive 

effects during short-pulse laser ablation in a liquid environment. 
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4 Energy balance 

The type and extent of plasma-induced tissue effects depend on the threshold for optical 

breakdown and on the distribution of the laser energy over the various channels shown in Fig. 4.1. Only 

the absorbed portion of the laser energy can be effective. The transmission of light through the plasma, 

together with scattering and reflection on the plasma, lower the efficiency of the surgical process. The 

absorbed energy is divided further into the energy expended in vaporizing tissue, the energy of plasma 

Incident 

laser light 

Reflection 
Scattering 

^Transmission 

Absorbed light energy 

Shockwave Cavitation bubble Vaporization Plasma radiation 

Fig. 4.1 Channels for energy partition 

during optical breakdown. 

radiation, and the mechanical energy of the shock wave and cavitation. The portion of the energy that 

goes into vaporization contributes to the primary cutting effect of the laser pulse and the portion that is 

converted into shock and bubble energy causes supplementary mechanical rupture. Knowledge of the 

parameter dependence of the energy balance in optical breakdown is, therefore, an important prerequisite 

for adapting the laser parameters to different surgical applications, depending on whether disruptive 

effects or cutting effects with minimum possible side effects are preferred. 

In this chapter, the results presented in Chapters 2 and 3 will be used to derive the energy balance 

for optical breakdown in water [Vog98b]. First, a total energy balance will be established for selected 

laser parameters. This balance shows that scattering and reflection on the plasma are small compared to 

absorption and transmission and that the ratio of the shock and bubble energies is roughly constant. 

These results make it possible to conduct a more comprehensive investigation of the influence of pulse 

duration, focal angle, and pulse energy on the energy balance when only the plasma transmission and the 

cavitation bubble energy will be measured. The bubble energy is here used as a standard for measuring 

the conversion of laser energy into mechanical energy. 
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4.1 Methods 

4.1.1 Plasma transmission, scattering, and reflection 

The plasma transmission was determined using the apparatus shown in Fig. 2.6a in Section 

2.2.5.1. Only the light transmitted in the focal angle was measured; scattered light was blocked. In order 

to estimate the extent of forward scattering on the plasma, the angular distributions of the transmitted 

light above and below the threshold for plasma formation were compared (Fig. 2.6b). Back reflection 

from the plasma into the cone angle of the focussed laser beam was determined using the apparatus 

shown in Fig. 2.6c. First, the measurement system was calibrated at energies below the threshold for 

plasma formation by measuring the reflection of an aluminum mirror with known reflectivity. Based on 

this standard, the reflection by the plasma could then be determined. Since direct measurements of the 

plasma absorption with an integrating sphere were not possible because of the strong absorption at 

1064 nm in water (cf. 2.2.5.4), the absorption was calculated from the measured transmission, scattering, 

and reflection: A-1~T~S-R. 

4.1.2 Energy of vaporization 

The energy spent on vaporization was estimated assuming that all the water in the plasma volume 

is vaporized and that heat conduction into the surrounding liquid can be neglected. Heat conduction can 

be neglected in a first approximation, because the laser pulse is very short (< 6 ns) and the content of the 

bubble formed by the expanding plasma cools to room temperature within a few microseconds [Fuj80]. 

The penetration depth <5of heat diffusion is [Wel95] 

5=(4ct*)1/2; (4.1) 

where Tr is the thermal relaxation time and k= 0.15 mm2/s is the thermal diffusivity of water at 37°C. For 

a thermal relaxation time of a few ps, 8 is in the order of 1-2 pm which is small compared to the plasma 

size at the laser parameters investigated. Almost no laser energy will be deposited outside the plasma 

volume because of the extreme nonlinearity of the absorption during optical breakdown. The plasma 

volume, Vp, was determined from photographs of the plasma radiation (cf. 2.2.4). The heat of 

vaporization is given by 

Ev = pV„[C(r2-T1) + b] (4.2) 

Here p = 998 kg m'3 is the density of water, Vp is the plasma volume, C = 4.18 kJ (kg K)'1 is the specific 

heat, Tj = 100°C, T\ = 20°C, and b - 2256 kJ kg'1 is the latent heat of vaporization. The latent heat of 

vaporization and specific heat at constant pressure are used, since the initially very high pressure inside 
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the bubble falls off to values within the range of the hydrostatic pressure within a small fraction of the 

bubble's oscillation cycle. 

4.1.3 Cavitation bubble energy 

The energy of a spherical cavitation bubble is 

**=y(P o-PvML. («) 

where Rmax is the radius of the bubble at its maximum expansion and po-pv is the difference between the 

hydrostatic pressure and the vapor pressure inside the bubble. The bubble radius was, as described in 

Section 3.2.3, determined from an acoustic measurement of its oscillation period. 

4.1.4 Acoustic energy 

The energy of a shock wave with profile p(t) is [Col48, Chapter 4.8] 

'-\P2dt, 

where rm denotes the distance from the source at which the pressure p is measured. Since the shock wave 

profile could not be determined experimentally immediately adjacent to the plasma, it was calculated 

using the Gilmore model. Measured parameters used for the calculation were the plasma volume, the laser 

pulse duration, and the maximum cavitation bubble radius (cf. 3.1.2 - 3.1.4). The shock profile at the 

dimensionless distance rJR0 = 6 was then used to calculate the shock energy £^}lmore with the aid of 

Eq. (4.4) (cf. 3.3.5). 

In a second approach, the energy dissipated in the shock front was integrated to estimate the 

initial energy content of the shock wave (cf. 3.1.9). The energy deposited as a spherical shock wave 

moves from r0 to rj is 

Ediss -1 Aw1 ps(r)Ae(r)dr, 

A / \ f 1 1 
Ae(r)«- 

2 Po ps(r) 

The post-shock pressure ps and density ps can be determined indirectly by measuring the shock front 

velocity us. The pressure is obtained from us using Eq. (3.23) and the density can then be calculated 

from Eq. (3.28). The total acoustic energy was estimated by summing the energy Ediss dissipated in the 
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near field (r < 300 pm) and the energy Es/iomm remaining at a distance of 10 mm from the source. Using 

Eq. (4.4), Es/jomm was determined from the hydrophone measurements of the pressure profile. 

4.1.5 The energy radiated by the plasma 

Barnes and Rieckhoff (1968) and Stolarski, et al. (1995) have determined the spectral energy 

distribution of the plasma radiation emitted during optical breakdown in water over the wavelength 

interval 300 nm < X < 900 nm and found that it resembles the spectral distribution of a black body 

radiator. According to the Stefan-Boltzmann radiation law, the energy of the black body radiation 

depends on the temperature T and area^, of the black body, and on the duration Traci of the emission: 

Eracl=VBApT:ra<lT4 , (4.7) 

where Ob = 5,670 10'^ W m'2 K"^. The temperature T of the black body radiator can be determined by 

using Wien's displacement law 

T = 1,70x10‘9vmax or: TA„ax = 2.88xl(T3 mK (4.8) 

from the maximum Amax of the spectral energy distribution. 

For a given temperature, Eq. (4.7) provides an upper estimate of the energy in the plasma 

radiation, as it presupposes a perfect black body. More refined models that include the emissivity f (A) 

(0< f < 1) of the plasma as a function of the pressure and temperature of the plasma components and its 

size have been put forward by Weyl and Tucker (1989b) and Roberts, et al. (1996). However, the simple 

estimate of Eq. (4.7) is sufficient to demonstrate that the energy of the plasma radiation is negligibly low 

for the laser parameters studied here. Values for the plasma temperature were taken from the literature 

[Sto95], the plasma surface area was obtained from photographs, and the duration of the plasma radiation 

was determined by a fast photodiode (cf. 2.3.4). 
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4.2 Results and discussion 

4.2.1 Total energy balance for selected parameters 

Figure 4.2 presents the total energy balance for optical breakdown with selected laser parameters 

[Vog99b]. 

Fig. 4.2 The energy balance for selected laser parameters. The focal angle was 22° for the ns pulses and 14° for the 

ps pulses. For the shock wave energy, two values E^llmore and [EDiss + £y/10mm>) are given which were 

determined in different ways; "?" denotes the difference of the complete energy balance from 100%. It refers to the 

average of the two values for the shock wave energy. 
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Near threshold (50 jj.J, 30 ps or 1 mJ, 6 ns) considerably more light is transmitted through the 

plasma than scattered on it. Well above threshold (1 mJ, 30 ps or 10 mJ, 6 ns), the relative importance of 

the transmission decreases. For all laser parameters, considerably less light is reflected or scattered than 

absorbed. The plasma absorption can thus be approximated by A ~ 1-T. This result differs from the 

energy partition during plasma formation at solid surfaces where the reflection plays a much larger role, 

because plasma is formed only in a thin layer in which the electron density tends to exceed the plasma 

frequency [God77] which, in turn, is the precondition for a large plasma reflectivity. When plasma is 

formed in water, however, the breakdown front moves during the rising part of the laser pulse towards the 

incoming laser beam, because the breakdown threshold is surpassed ever further upstream (see Section 

2.1.6). The light absorbed upstream limits the electron density further downstream, and the plasma 

frequency remains therefore smaller than the frequency of the laser light. The laser-plasma coupling is 

thus not impaired, and little light is reflected. 

The energy of the plasma radiation was calculated with the help of Eqs. (4.6) and (4.7). We used 

the plasma temperatures determined by Stolarski, et al. (1995) for 1064 nmNd:YAG laser pulses (9860 K 

for 5 ns, 4 mJ pulses, and 6230 K for 80 ps, 1 mJ pulses). The measured duration of the plasma emission 

was 10 ns after a 5 mJ, 6 ns pulse and 0.5 ns after a 2 mJ, 30 ps pulse (see Section 2.3.4). The energy loss 

through plasma radiation is negligible (< 10‘3%) for all laser parameters studied here. This finding agrees 

qualitatively with the result of previous theoretical investigations of the plasma radiation during laser 

lithotripsy [Wey89b] showing that the energy carried away by plasma radiation remains below 0.1 % of 

the incident laser light energy of a 1-ps pulse, when the plasma temperature is 8000 K. 

The main channels into which the absorbed laser energy is partitioned are vaporization, shock 

wave formation, and cavitation. During the expansion of the bubble, the vapor inside the bubble cools 

rapidly and condenses, mainly on the bubble walls. The energy of vaporization of the fluid in the plasma 

volume is thereby dissipated as heat in the surrounding fluid. Only that part of the absorbed energy that 

exceeds the energy of vaporization is available for conversion into the mechanical energy of the shock 

wave and the bubble motion. As very high temperatures are attained during plasma formation, for all the 

parameters studied here, considerably more laser energy is converted into mechanical energy than into 

energy of vaporization. The high conversion ratio is especially marked for the 6 ns pulses, where the 

mechanical energy is 10 to 14 times the energy of vaporization. For the 30 ps pulses, the mechanical 

enrgy is still 1.8 to 2.4 greater. 

The mechanical energy is divided into a ratio of shock wave energy to bubble energy of 2:1 for 

the ns pulses and of 1.5:1 for the ps pulses. These ratios were calculated using the average of the two 

values of the shock energy obtained by the different methods. 
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The deviation of the total energy balance from 100% was on average -6.8% and at maximum 

-14.8% (for 50-{iJ, 30-ps pulses). In view of the large number of channels in the energy balance and the 

relatively large uncertainty in the determination of the shock wave energy, this result is very satisfactory. 

One possible explanation for the deficit is that light lost by scattering in a sideward direction was not 

taken into account. Furthermore, the amount of thermally dissipated energy may have been 

underestimated. We considered only the energy required to transform the liquid in the breakdown volume 

into vapor of 100°C, neglecting losses by heat conduction. Losses by heat conduction are most important 

for the 50-pJ, 30-ps pulses where the largest deficit was observed, because the penetration depth of heat 

diffusion (1-2 pm, cf. Section 4.1.2) is here not very much smaller than the photographically determined 

plasma radius of 8.5 pm. For the other laser parameters, the radius of a sphere of equivalent size to the 

plasma volume ranges between 18 pm and 37 pm, and heat conduction thus hardly enlarges the 

evaporated liquid volume. 

4.2.2 Parameter dependence of the energy deposition 

The total energy balance for selected parameters showed that the plasma absorption is 

approximately given by A ~ 1-T. Therefore, the parameter dependence of the energy deposition at the 

optical breakdown site can be derived from the parameter dependence of the transmission. The plasma 

transmission was discussed in detail in Chapter 2. Thus, here the results will only be summarized and the 

corresponding sections of Chapter 2 cited. 

The efficiency of energy deposition increases with increasing focal angle, since the transmission 

decreases for large angles (cf 2.3.3.5 and 2.3.3.6). 

The efficiency of energy deposition decreases as the laser pulse duration is shortened. The 

decrease is most pronounced near the breakdown threshold. This trend, which was described in sections 

2.3.3.5 and 2.3.3.6 for 6 ns and 30 ps pulses, continues when the pulses are shortened to 3 ps, but is 

reversed in the femtosecond range (cf. Chapter 8). 

4.2.3 Parameter dependence of the efficiency of conversion of laser energy into mechanical 

energy 

Since the ratio of the shock wave energy to the cavitation bubble energy varies only between 

1.5:1 and 2:1 for all the laser parameters studied in Section 4.2, one can use the bubble energy as a 

"measure" of the total mechanical energy in a study of the conversion of laser energy into mechanical 

energy over a wider range of parameters. 

Figure 4.3 presents the degree of conversion of laser energy into bubble energy for 6 ns and 30 ps 

pulses with different focal angles as a function of pulse energy. 
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Laser pulse energy /pJ 

Fig. 4.3 The degree of conversion of laser 

energy into bubble energy for different 

focal angles and laser pulse energies with 

30 ps and 6 ns pulses. 

Dependence on focal angle. The degree of conversion into bubble energy rises with increasing 

focal angle, since the energy density in the plasma is highest for large focal angles. Because of the higher 

energy density, a smaller portion of the laser pulse energy is needed for vaporization of the fluid in the 

plasma volume and a larger portion is available for producing mechanical effects. The reason for the 

dependence of the energy density on the focal angle can be explained using Fig. 2.21 of Section 23.3.5. 

The plasma expands into the cone angle of the laser beam until it reaches the cross section where the 

irradiance has fallen to the threshold for optical breakdown. For equal pulse energies, this cross section is 

independent of the focal angle, but the distance between the plane of the beam cross section and the laser 

focus is shorter for large angles. Thus, the plasma volume is smaller and the energy density in the plasma 

is higher. 

Dependence on pulse energy. As the pulse energy is raised above the threshold value for optical 

breakdown, the degree of conversion into bubble energy increases rapidly at first (Fig. 43). With ns- 

pulses, it saturates, while with ps pulses, it falls off after reaching a maximum as the pulse energy is 

raised further. This behavior depends on the fact that the energy density eLIB in ps plasmas decreases at 
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high pulse energies, as has already been noted in Section 2.3.3.5. With ps pulses, the plasma length zmux 

is approximately proportional to (p-1)1/2 and the plasma volume Vp is, therefore, proportional to 

Q3-1)3'2. Thus, 

£ = ApE«aAEg_ forb>>, (4.8) 
Vp (fi-lf2 

Here A»(l-T) is the plasma absorption. For large p , A is roughly constant, since the transmission T 

hardly changes as the pulse energy is varied (cf. 2.3.3.5). Hence, eLIB 1 / yfp , i.e., the average energy 

density in the plasma falls off with increasing pulse energy. 

With ns pulses and large focal angles, the plasma length is roughly proportional to (p-1)1/3 

(cf. 2.3.2.3). This scaling implies that the energy density eLIB remains nearly constant as p is increased, 

which explains the constant degree of conversion into bubble energy. For a 5.4° focal angle, however, the 

plasma length is proportional to (p -l)0'47, similar to the case of ps pulses. Hence, a slight falling off of 

the degree of conversion is also observed here for large p . 

Dependence on pulse duration. Figure 4.4 implies that the degree of conversion of laser energy 

into bubble energy falls off with decreasing laser pulse duration for all focal angles. This trend can also 

be explained in terms of the parameter dependence of the plasma energy density. It was shown in Section 

2.3.5 that the energy density falls from 3340 kJ/cm3 for 6 ns plasmas (0 = 22°) to 6-11 kJ/cm3 for 30 ps 

plasmas (0= 14°). 

Fig. 4.4 The degree of conversion of 

laser energy into bubble energy for 

energies well above the breakdown 

threshold (j3 >10). 

The energy density continues to decrease as the pulse duration is shortened into the femtosecond 

range, and, as a consequence, the transformation of laser energy into bubble energy is also reduced 

(cf. Chapter 8). 
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4.3 Clinical consequences 

The degree of conversion of laser energy into mechanical energy during optical breakdown 

(Table 4.1) is as high as 90% for ns pulses, more than for any other laser-tissue interaction [Tes77, 

Lya81]. The high conversion is the reason for the disruptive character of plasma-mediated laser surgery. 

When cutting-effects with little disruptive side effects are desired, the laser parameters must be chosen so 

as to ensure as small a ratio of the mechanical energy iwh and vaporization energy £v as possible. 

30 ps 6 ns 

50 pj 1 mJ 1 mJ 10 mJ 

Degree of conversion of incident laser energy 

into mechanical energy £mech (%) 
28.1 53.3 72.3 88.3 

Degree of conversion of absorbed laser 

energy into mechanical energy 2smech (%) 
47.5 70.8 79.8 91.6 

Degree of conversion of incident laser energy 

into energy of vaporization Ev (%) 
15.8 22.1 7.5 6.5 

Degree of conversion of absorbed laser 

energy into energy of vaporization Ey (%) 
26.8 30.0 8.2 6.7 

^med/^v 1.8 2.4 9.7 13.6 

Table 4.1 Comparison of the conversion of laser energy into mechanical energy and energy of vaporization for the 

laser parameters of Fig. 4.2. The mechanical energy consists of the bubble and shock energies. The shock energy 

was taken to be the average of the values obtained by the two methods described in Section 4.1.4. 

The degree of conversion into mechanical energy falls when small focal angles are used (Figs. 4.3 

and 4.4). However, this is not a practical way to optimize intraocular laser surgery, since it is 

accompanied by long plasmas and, therefore, by poor spatial precision in the laser effects, while the 

threshold for optical breakdown becomes higher. A better strategy is to shorten the laser pulse, since then 

both the optical breakdown threshold and the ratio iwh/£v are lowered (cf. Table 4.1). That ratio is 

about 5 times smaller, on the average, for ps pulses than for ns pulses. Picosecond pulses are, therefore, 

well suited for all laser applications in which tissue cutting with slight disruptive side effects is desired. 

7wh/£v can be reduced further through the use of femtosecond pulses (Chapter 8). 
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5 Cavitation bubble dynamics 

The plasma expansion creates a radially outward flow in the surrounding fluid, which leads to the 

formation of a cavitation bubble (Chap. 3). The bubble expands beyond the equilibrium state because of 

the inertia of the fluid and then collapses because of the static background pressure in the fluid. The 

bubble collapse concentrates the bubble energy in a very small volume and is, therefore, an important link 

in the chain of events during intraocular photodisruption. Whereas the events during optical breakdown 

are strongly influenced by the laser parameters, the bubble dynamics is primarily influenced by the 

boundary conditions in the neighborhood of the laser focus. In a free fluid, the bubble collapse is largely 

spherical and takes place at the site of bubble formation. Near material boundaries, the collapse is 

asymmetric and is associated with the formation of a water jet, which leads to a concentration of energy at 

some distance from the optical breakdown [Ben66, Vog89]. Jet formation is often encountered during 

intraocular microsurgery, since the application site is almost always in the neighborhood of one or more 

interfaces between tissues and ocular fluids. It rarely contributes to the desired surgical effects, but is 

most often the cause of unwanted side effects in the area surrounding the application site [Vog96]. 

The details of jet formation depend on the distance between the bubble and a neighboring 

boundary, as well as on the type of boundary. They vary quite substantially, depending on whether a free 

surface, a rigid boundary, or a flexible boundary is involved. If the bubble collapses near a rigid 

boundary, then the jet flows towards the boundary [Nau61, Lau75, Vog89] and if bubble collapse takes 

place near a free fluid surface, then the jet flows away from the boundary [Bla87a, Bla87b]. When the 

bubble collapse occurs near a flexible, elastic boundary, e.g., of biological tissue, the bubble dynamics 

depends in a very complex manner on the elastic properties and the distance from the boundary [Bla87a, 

Shi91, Cha98, Bru01a,b]. In a large region of the parameter space, the bubble splits and very fast jets 

flowing both towards and away from the boundary are formed. In order to be able to evaluate the 

potential side effects from jet formation in intraocular photodisruption, the dynamics of bubbles in the 

vicinity of corneal and retinal tissue has been studied using high-speed photography and compared with 

jet formation in front of solid boundaries. 



CAVITATION 133 

5.1 Theoretical background 

5.1.1 Spherical bubble collapse 

When the cavitation bubble has expanded to its maximum volume, it is nearly empty. The water 

vaporized during optical breakdown in the plasma volume is mostly condensed on the bubble walls, since 

the temperature in the bubble falls to near room temperature within the first few microseconds of bubble 

expansion [Fuj80]. All that remains within the bubble is an amount of gaseous water corresponding to the 

vapor pressure of water. Furthermore, a small amount of air is in the bubble which had been dissolved in 

the surrounding fluid and has diffused into the expanding bubble, once the pressure in the bubble fell 

below the hydrostatic pressure [Cur84]. The dissociation of water molecules during optical breakdown 

[Rob96] provides additional small amounts of noncondensable gases. 

The expanded bubble collapses because of the pressure difference between the hydrostatic 

pressure and the pressure inside the bubble. In this manner, the potential energy of the cavity is converted 

into the kinetic energy of a radially inward fluid flow. Because of the inertia of this flow, the collapse 

continues after the pressure inside the bubble has reached the hydrostatic pressure. The collapse 

compresses the gas and water vapor inside the bubble strongly, and very high values of the pressure and 

temperature will be reached, similar to those during optical breakdown [Fuj80, Vog88a]. The high 

pressure causes a rebound of the collapsed bubble exhibiting a strength similar to that during the plasma 

expansion following optical breakdown. It is, therefore, likewise associated with the emission of a shock 

wave [Ebe78, Vog88a]. The oscillation cycle is repeated many times, until the bubble has lost its energy 

through acoustic emission, heat conduction, and the viscosity of the surrounding fluid. Acoustic emission 

is responsible for about 70-90% of the energy loss [Nis79, Vog89]. As the oscillations come to an end, 

one or more small gas bubbles remain, since air from the water has diffused into the cavitation bubble as 

it oscillated (cf. 6.1.2) [Cru84, Chu89]. These small bubbles last a few seconds before the gas dissolves 

again in the fluid. 

Experimental studies of the states in the collapsed bubble are extremely difficult, since the actual 

transition from collapse to rebound lasts only a few nanoseconds, while the time of collapse of laser 

produced bubbles varies over a few microseconds from pulse to pulse. Reliable measurements of the 

pressure in the collapsed bubble are, therefore, not yet available. Calculations of the bubble dynamics 

using the Gilmore model [Ebe78] (cf. Section 3.1.2) and another model [Hic64], together with estimates 

based on far field measurements [Vog88a], yielded values from 1000 to 6000 MPa. Pressure pulse 

durations between 10 and 40 ns were obtained [Rad72, Hin76, Ebe78, Vog88a]. The maximum 

temperature in the bubble interior is on the order of 5000 K [Fuj80, Sus86, Fli91] and is sufficient to 

produce free radicals [Sus89, Tim97] and to generate the luminosity of the bubble contents known as 
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"sonoluminescence" [Kut62, Ohl98]. The size of the luminous spot gives a minimum radius of the 

collapsing bubble of 15±6 pm for Rmax= 0.8 mm, which is the bubble size after a 1 mJ, 6 ns pulse 

[Ohl98]. 

Because of the strength of spherical bubble collapse, Rayleigh postulated that the high pressures 

achieved during collapse are responsible for the cavitation erosion first observed on ship propellers and in 

hydraulic machinery [Ray 17, Kna71]. Since the shock pressure falls off within a few hundred 

micrometers to values well below the dynamic deformation pressure of metals (about 1300 MPa for 

aluminum [Lus83, Vog89])} however, a bubble must collapse immediately adjacent to a metallic surface 

in order to cause damage there. In this case, the boundary conditions are no longer symmetric and the 

collapse will be aspherical. 

5.1.2 Aspherical bubble collapse 

5.1.2.1 Jet formation 

If a solid boundary exists in the vicinity of a collapsing bubble, the fluid flow into the bubble will 

be impeded on the side next to the boundary and a low pressure region develops between bubble and 

boundary. (In the following, the boundary is assumed to be under the bubble in order to simplify the 

description of bubble dynamics). The pressure difference between the upper and lower parts of the 

bubble implies that the upper bubble wall will be accelerated more strongly that the lower. As a 

consequence of the pressure gradient normal to the surface, a force F (the so-called Bjerknes force) acts 

on the bubble and accelerates it in the direction toward the boundary. The Bjerknes force produces the 

so-called Kelvin impulse [Ben66] 

I = jF(t)dt. (5.1) 

The Kelvin impulse can be interpreted as the linear momentum of the bubble, if one ascribes a 

virtual mass to the bubble that corresponds to the fluid motion in its vicinity [Ben66]. During collapse, 

the Bjerknes force vanishes owing to the rapid decrease of the bubble size. The Kelvin impulse thus 

ceases to increase and remains at a constant value. Since the mass of the fluid displaced by the bubble 

becomes smaller during collapse, the translational velocity of the bubble center must increase owing to 

conservation of the Kelvin impulse. For this to happen, the velocity of the upper bubble wall in the 

direction of the boundary must increase significantly faster than that of the lower bubble wall in the 

opposite direction. At the same time, the flow at the top of the bubble will be focussed laterally during 

the collapse. This focusing leads to the formation of a liquid jet in the direction of the solid boundary 

(cf. Fig. 5.1). 
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1mm 

Fig. 5.1 Experimentally obtained streamline pattern of 

the flow in the neighborhood of a cavitation bubble 

during its first collapse near a rigid boundary (from 

[Vog89]). Stage 0 represents the bubble contour at the 

time of maximum expansion, and stage 2 the bubble 

shortly before collapse. One can see the motion of the 

bubble toward the boundary and the focussing of the jet 

on the upper side of the bubble, which leads to the 

formation of a liquid jet directed toward the boundary. 

Since very high bubble wall velocities are reached owing to the spatial concentration of the flow 

during collapse, the jet velocity is also correspondingly high: it reaches 80-150 m/s, depending on the 

distance between bubble and rigid boundary [Lau75, Vog89, Phi98]. The jet velocity near elastic 

boundaries can even reach values as high as 960 m/s [BruOla]. With asymmetric bubble collapse, only 

part of the kinetic energy of the collapsing flow leads to compression of the contents of the bubble. The 

rest remains kinetic energy of the jet flow. Because of the remaining jet energy, the internal pressure of 

the bubble and the temperature cannot be as high as for spherical collapse [Cha83, Vog88a]. 

The above argument based on the Kelvin impulse explains the bubble migration during collapse 

near a rigid boundary, but cannot yield further details of the bubble dynamics. They depend very strongly 

on the distance s between the bubble center and the boundary. The distance is customarily scaled by the 

maximum bubble radius and specified as the dimensionless quantity y: 

r~- (5-2) 
Amax 

The dependence of the bubble dynamics on y is very complicated and has already been investi¬ 

gated in various experimental [Tom86, Vog89, Phi98] and theoretical [Ple71, Bla87a, Kuc88, Szy93, 

Bla97, Rog97, Ton97] studies. Therefore, it will only be summarized briefly here. For y > 1 the jet 

impinges on the opposite bubble wall in the end phase of bubble collapse. During rebound, it first creates 

a protrusion of the bubble wall and then it breaks through this protrusion (Fig. 1.1). After the breakup of 

the protrusion, a ring vortex forms from the jet flow with the bubble being the hollow core of the annular 

flow. The motion of the ring vortex in the direction of the boundary conserves the Kelvin impulse of the 

bubble [Vog89]. Because of the motion of the ring vortex, the second collapse of the now toroidal bubble 

takes place right at the boundary, if the bubble was not produced too far away (y< 1.8) [Phi98]. 
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For 7 < 1 the expanded bubble touches the boundary and the jet impinges directly on the boundary 

without being slowed down in a layer of water lying in front of it. Here the bubble assumes a toroidal 

shape already during the first collapse, since the jet strikes the boundary and streams radially outward on 

it before the collapse has ended [Shu65, Vog89, Phi98]. When 7 ~ 1, there is still a thin layer of water 

between the bubble and the boundary surface at the first collapse, which dampens the impact of the jet 

and separates the high-pressure region within the collapsed bubble from the boundary. 

5.1.2.2 Causes of cavitation damage 

The water hammer pressure produced by the jet impact is a possible cause of cavitation damage. 

The water hammer pressure depends on the shape of the jet tip. For a jet with a flat tip and velocity v, 

this pressure is [Bru 66] 

Pwh - 
p\C\ p2c2 ■ 

(5-3) 
P\C\+p2C2 

where p\, c\ and pz, C2 are the density and sound speed in the jet and in the impacted material, 

respectively. When the material is a biological tissue, these parameters are similar for the jet and tissue, 

since both consist mainly of water. Equation (5.3) can then be approximated by 

Pwh - 2 
(5.4) 

For a jet velocity of 100 m/s the water hammer pressure is about 75 MPa. The pressure can be up 

to three times higher if the jet tip has a conical shape or is round [Les83]. After the jet impact, the 

compression of the fluid at its tip will be reduced by stress release waves travelling from the periphery to 

the middle of the jet tip. For a jet diameter of 30-120 pm (depending on 7), the propagation time of the 

release wave and thus the duration of the water hammer pressure is 10-40 ns. Afterwards, only the 

dynamic pressure of the jet flow, 

PdS 
_P,V 

lyn (5.5) 

remains; 5 MPa for v = 100 m/s. 

A second possible reason for cavitation damage is the high collapse pressure in the bubble, which 

can act directly on the material if the bubble collapses right at the material surface. For y < 1 this is 

already the case with the first collapse, but for higher y it is not so until the second collapse. A 

measurement of the pressure inside the collapsed toroidal bubble is extraordinarily difficult, as is a direct 

measurement of the pressure as the jet tip strikes. Tomita and Shima (1986) used the surface of a 

pressure transducer as a solid boundary in order to measure the impact pressure. They obtained a value of 

~5 MPa. However, this value was far too low, since the 5.5 mm diameter of the pressure sensor was 
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substantially greater than the cross section of the jet and the area on which the collapsed bubble affects 

the pressure sensor. Besides, the risetime of the pressure sensor (1 ps) was considerably longer than the 

duration of the water hammer pressure produced by the jet impact and the duration of the maximum 

collapse pressure in the bubble. The slow rise time of the transducer also results in pressure readings 

which are too low [Vog88a], Vogel, et al. (1988a) and Philipp and Lauterbom (1998) estimated the 

collapse pressure from far field measurements with a fast hydrophone. The far-field pressure data were 

extrapolated to the bubble wall using the photographically determined size of the collapsed bubble. The 

peak pressures obtained in this manner were 350 and 1000 MPa, respectively, for y < 1. 

Studies of the cavitation erosion of metals by Shutler and Mesler (1965) and Philipp and 

Lauterbom (1998) show that the damage patterns correlate primarily with the sites where the bubble 

comes into direct contact with the boundary during the first or second bubble collapse. Cavitation erosion 

of metals is thus mostly attributable to the high pressure inside bubbles as they collapse. Only if a bubble 

touches the boundary during the whole collapse phase (for ) < 0.7), is additional damage produced by the 

jet impact [Phi98]. When cavitation bubbles interact with biological tissue, jet formation probably plays a 

greater role as a possible damage mechanism, since (i) higher jet velocities are reached near elastic 

boundaries than near rigid boundaries [Bru00a,b], and (ii) the material strength is considerably lower than 

for metals. This situation is true for connective tissue, but even more so for cellular structures. Besides 

the water hammer pressure produced by the jet impact, shear forces acting on the tissue surface through 

the radial flow after the impact are also important. Rooney (1974) has shown that shear forces owing to 

microscopic streaming near an oscillating gas bubble can cause membrane rupture of red blood cells, and 

Leverett et al. (1972) have found that shear forces acting for just 25 ps are sufficient to cause hemolysis. 

These times are of the same order of magnitude as the duration of the radial jet flow during aspherical 

bubble collapse. 

If laser-induced cavitation bubbles are created in the neighborhood of a free fluid surface, the 

surface is lifted during bubble expansion, and a pressure maximum develops between surface and bubble 

during the collapse phase. As a consequence, two jets are formed, one directed out of the fluid and the 

other entering the bubble [Bla87b]. Thus, depending on the mechanical properties of the material forming 

a boundary in the vicinity of a cavitation bubble, jets flowing towards or away from the boundary can be 

created, or two jets flowing simultaneously in opposite directions [Bru00a,b, Shi89]. Jet formation near 

rigid boundaries and biological tissues will be examined below. 
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5.2 Experimental methods 

The cavitation bubble dynamics unfold over a time between 30 (is and 1 ms, depending on the 

laser pulse energy. High-speed photography of these events, which last about 1000 times longer than 

shock wave formation, cannot be performed using a time delayed portion of the laser pulse employed for 

optical breakdown, so an independent light source is required. A spark lamp (High-Speed Photosysteme, 

Nanolite KL-K) that produces a 10 ns light pulse was used for this purpose. 

Fig. 5.2 Experimental arrangement for high speed photography to study cavitation bubble dynamics near a rigid 

boundary and near ocular tissue. 

Figure 5.2 shows the arrangement used for studying cavitation bubble dynamics with the Nanolite 

spark lamp. A clinical Nd:YAG laser (Lasag Mikroruptor II) which emitted 12 ns pulses was used to 

produce cavitation bubbles. The laser pulses, which leave the laser slit lamp with a convergence angle of 

12°, were focussed by an ophthalmologic contact lens (Rodenstock RYG) into a glass cell (50 x 50 x 50 

mm3). The cell contained distilled water, or, in the experiments with tissue specimens, physiological 

saline solution. The illumination system for the high-speed photography is based on the principle of a 

microscope illumination system. The combination of a fast collimation objective Li (Canon 1.2/50 mm) 

and a condenser L2 (Pentax 1.8/50 mm) makes it possible to collect a large fraction of the light emitted 

from the spark source and to illuminate a small object volume brightly. The object volume was imaged at 

low magnification (2.6 to 4.2 times) using a photographic objective in retrofocus configuration (Nikon 

1.8/50 mm) or at a 7-fold magnification using a Leitz Photar objective (3.5/40mm). The cavitation bubble 

was usually illuminated diffusely, a situation in which the liquid jet penetrating the bubble can be 

observed best. 
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For high-frequency photography of the bubble dynamics, the spark lamp was used as a 

stroboscopic light source, and series of pictures with up to 20000 frames per second were recorded with a 

rotating drum camera (High Speed Photosysteme, Strobodrum). Since the time resolution of the high- 

frequency photography (50 ps between frames) was not very good, single framing pictures were also 

taken of the collapse phase and in the time between the first and second bubble collapses. To do this, the 

rotating drum camera was replaced by a 35 mm camera body. Pictures were taken with increasing times 

between optical breakdown and the illuminating pulse in 5-10 ps steps. The separation between the laser 

pulse and the illuminating spark was measured with the aid of a photodetector in every shot. The time of 

the exposure relative to the cavitation bubble collapse was documented by simultaneously recording the 

acoustic signal from the oscillating bubble. The pressure pulse from the bubble collapse serves to mark 

the time of collapse, if the transit time from the bubble center to the hydrophone is taken into account. 

For studies of bubble collapse in the neighborhood of a solid boundary, the cell was filled with 

distilled water and a brass block was placed under the laser focus. The bubble dynamics near tissue was 

studied using corneal and retinal specimens from bovine eyes. The corneal specimens were attached with 

surgical needles to a teflon holder which was immersed in the cell filled with physiological saline 

solution. Bubble dynamics in the neighborhood of the retina were studied by filling the cell with vitreous 

humor from bovine eyes. A tissue specimen containing sclera, choroid membrane, retina, and the 

adjoining vitreous humor was prepared from the posterior pole of the cow's eye. It was attached with 

needles to a piece of polyurethane foam and placed, with the retina upward, in the cell. The distance 

between laser focus and tissue specimen was 1.0-1.5 mm. 
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5.3 Results and discussion 

5.3.1 Solid boundary 

Figure 5.3 illustrates the bubble dynamics in front of a solid boundary for different distances 

between bubble and boundary. 
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Fig. 5.3 Jet formation in front of a solid boundary for different distances 7 between the locations where a bubble is 

formed and the boundary. The boundary is located at the bottom of each picture. Imax is the maximum bubble 

radius. The pictures were taken with the rotating drum camera at a rate of 20000 frames/s. 
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If the bubble is produced relatively far from the boundary (> = 2.3, Fig. 5.3a), it moves toward the 

boundary during the collapse phase and a jet is formed, which protrudes the lower bubble wall when the 

bubble rebounds after the collapse. The jet is clearly visible in the bright center of the bubble images. 

Because of the jet flow, the bubble acquires a toroidal shape and a ring vortex develops which moves 

toward the boundary with an approximately constant velocity. In the second series of pictures (7 = 1.56, 

Fig. 5.3b), a counterjet appears at the top of the bubble before the actual jet becomes visible. The 

mechanisms for counterjet formation have been discussed by various authors [Vog89, Ohl95], but are 

only of secondary importance for the interaction between a bubble and a boundary. As in the previous 

case, the jet flow produces a toroidal bubble after the first collapse and causes the bubble move toward 

the boundary. During the second collapse, the bubble sits right on the brass block and the high pressure 

inside the bubble creates an annular high-pressure zone at the rigid boundary. As y decreases, the jet 

becomes thicker and strikes the boundary even before the first bubble collapse () = 0.75, Fig. 5.3c). Thus, 

a ring vortex has already developed before the collapse, and the bubble collapses as a torus. Because of 

the early development of the ring vortex, a large part of the fluid flow originally directed toward the 

bubble center is redirected. The formation of the vortex thus diminishes the pressure attained in the 

collapsing bubble [Cha83, Vog89]. When the distance between the bubble and boundary surface is 

reduced further (y = 0.34, Fig. 5.3d), the diameter of the jet becomes smaller once again. The bubble 

collapses as a torus, but, because the mass of fluid in the jet is lower, the ring vortex component of the 

fluid flow is much less marked than for y - 0.75. The bulk of the kinetic energy in the fluid flow goes 

into a pressure rise in the bubble which is attached to the boundary. Thus, high pressure values can be 

reached at the boundary during the first bubble collapse. 

5.3.2 Tissue boundary 

Figure 5.4 illustrates the cavitation bubble dynamics in the neighborhood of a corneal specimen. 

The bubble moves toward the cornea and a jet develops in the direction of the specimen. Jet formation 

can be recognized through the protrusion of the bubble. Figure 5.4a gives the impression of a bubble 

moving into the cornea. This impression, however, is a illusion owing to the curved shape of the tissue 

specimen. 

A comparison with Fig. 5.3 shows that the bubble dynamics in front of the cornea at y = 1.5 is 

more like the dynamics in front of solid boundaries at y = 2.3 (Fig. 5.3a) than that at ) = 1.5 (Fig. 5.3b). 

This similarity indicates that the effect of a flexible tissue boundary on the bubble dynamics is not as 

strong as that from a solid metal block. Nevertheless, the maximum velocity of the jet in front of the 

cornea (between the first and second pictures in Fig. 5.4b) is about 140 m/s (averaged over 3 ps); it is of a 
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Fig. 5.4 Cavitation bubble collapse with jet formation in front of a corneal specimen (at the top of each frame), (a) 

Pictures series taken at 10000 frames/s with the rotating drum camera () = 1.5). The first collapse occurs between 

the third and fourth frame, (b) Single shot pictures of the bubble dynamics between the first and second bubble 

collapse (y - 1.45). The time given refers to the time of the first collapse. In each picture, the plasma light from the 

optical breakdown can be seen along with the cavitation bubble. It indicates the site where the bubble was formed. 

similar order of magnitude as the jet velocity in front of a solid boundary for y ~ 2 [Vog89, Phi98]. The 

velocity would probably be even higher in the bubble splitting region at smaller y-values [BruOlb]. 

When a cavitation bubble was created in front of a retina specimen, no jet developed in the 

direction of the specimen, but the bubble moved away from the tissue (Fig. 5.5). After the first bubble 

collapse, which occurred about 143 ps after bubble formation, protrusions can be seen emerging from the 

top of the bubble which could have been produced by a wide (but slow) jet. The observation that the jet 

is now directed away from the tissue boundary can be explained by the fact that the tissues of the ocular 

fundus and, especially, the retina, are much softer than the cornea [Shi89]. The flexibility of the retina 

also explains why it is lifted up during the first bubble collapse. This uplifting resulting from the low 

pressure between boundary and collapsing bubble is a potential cause of tissue damage, even without jet 

impact. A similar damage mechanism has been observed in arthroscopic surgery [Gri98] and in laser 

angioplasty, where the dilatation of a blood vessel during bubble expansion was followed by an 

invagination of the vessel wall during the collapse phase [Lee93, Vog96b]. 
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5.4 Summary and clinical consequences 

During bubble collapse in the neighborhood of rigid boundaries and relatively stiff tissue 

structures, such as the cornea, the bubble moves in the direction of the boundary and a liquid jet directed 

toward the boundary develops. With softer, more flexible tissue structures, such as the retina, bubble 

movement and jet formation are suppressed or may even take place in the opposite direction. 

Due to the bubble migration, its collapse can take place directly on a boundary even if the bubble 

creation site is some distance away from the boundary. In the case of solid boundaries, the first collapse 

takes place right at the boundary when 7 < 1, and the second collapse takes place there when 1 < y < 1.8. 

The collapse pressure acting on the boundary can reach several hundred MPa up to a GPa. The energy 

transfer away from the creation site owing to bubble migration is a possible cause of side effects during 

intraocular photodisruption; its extent scales with the maximum bubble size. 

Jet formation is a second mechanism through which the bubble energy can be focussed onto a 

location remote from the laser application site. It is a potent cause of side effects, especially if the jet 

impact is not slowed by a liquid layer in front of the tissue, i.e., when 7 < 1. Tissue damage can be caused 

by the short duration water hammer pressure generated by the jet impact (about 75 MPa, duration 

1040 ns), as well as by the longer lasting dynamic flow pressure at the impact point (up to 5 MPa, lasting 

several microseconds) and by the shear forces created by the radially outward flow from the impact point 

[Roo74]. 

During cavitation bubble collapse in front of the retina, no jet formation in the direction of the 

retina was observed, but the retinal surface was be drawn into the vitreous humor because of the reduced 

pressure in the neighborhood of the collapsing bubble (Fig. 5.5). It is conceivable that this effect might 

lead to local retinal damage during vitreoretinal laser surgery. Perhaps, one might be able to exploit this 

effect to deliberately detach the membrane surrounding the vitreous from the retina, in order to avoid 

tractions on the retina in vitreoretinal pathologies that can lead to retinal detachment. 

Besides their potential for side effects, the hydrodynamic phenomena associated with the 

dynamics of cavitation bubbles that lead to high flow velocities at some distance from a laser plasma can 

also be put to surgical use. Examples include the cleaning of deposits from intraocular lenses [Bra90] or 

the removal of protein coatings of the posterior lens capsule ("Elschnig pearls") which sometimes develop 

after cataract surgery [Bra90]. For this purpose, a laser pulse is focussed at some distance from the lens 

or lens capsule in order to avoid plasma-induced damage and only the flow caused by cavitation is used. 
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6 Multipulse interactions 

Multiple laser pulses are almost always required to obtain the therapeutic goal in intraocular 

microsurgery. With nanosecond pulses, the individual pulses are separated by times up to many seconds, 

i.e., the pulse repetition rate is 0.1 to 1 Hz. When picosecond pulses with lower energies are used, the 

repetition rate must be considerably higher in order to ensure a sufficiently high cutting rate. The clinical 

picosecond lasers manufactured by the Intelligent Surgical Lasers company emit a series of pulses at a 

variable repetition rate of up to 2 kHz. Still higher repetition rates are employed in some clinical 

nanosecond lasers emitting bursts of two or three pulses with a 50-100 kHz repetition rate to increase the 

energy delivered to a site. Other clinical nanosecond lasers have lower burst repetition rates of 50 Hz to 

1 kHz. Extremely high pulse repetition rates of 80-200 MHz are found in mode-locked picosecond pulse 

trains, which were quite often used in the initial period after intraocular photodisruption had been 

introduced into clinical practice. 

In all these cases, there is an interaction between successive laser pulses which may influence the 

tissue effect. The details of this interaction depend on the pulse repetition rate, the spatial distance 

between successive application sites, and the properties of the surrounding medium. Three scenarios can 

be distinguished. 

1. Successor pulses are focussed onto a cavitation bubble produced by a previous pulse. The 

oscillation periods of cavitation bubbles in aqueous media range between about 30 ps and 350 ps for 

pulse energies of 30 pJ to 10 mJ. This means that, for high frequency bursts at 50-100 kHz, plasma 

formation by later pulses is influenced by the previously created bubbles and may be hindered if the 10- 

20 ps time interval between the pulses is shorter than the oscillation period of the cavitation bubbles 

[Jun92]. In high viscosity tissues, such as the cornea, bubbles last for a few seconds or minutes [Vog94b, 

Juh94]. Here plasma formation will be affected even when the pulse repetition rate is low, if the lateral 

distance between successive application sites does not exceed the bubble radius [Vog97c]. 

2. If the time between the laser pulses is shorter than the duration of the cavitation bubble 

oscillations and the creation sites are further apart than the bubble radius, then several bubbles exist 

simultaneously and their bubble dynamics interact. It is conceivable that jet formation in front of tissue 

boundaries might be significantly intensified through the interaction of the bubbles, so that the potential 

for damage owing to the bubble dynamics would be enhanced. Tomita, et al. (1994) and Jungnickel 

(1995) have shown, however, that this is not the case. An oscillating second bubble can, indeed, lead to 

earlier jet formation during the collapse of a bubble previously generated near a boundary. However, the 

resulting jet will only be wider and barely faster, and the pressure rise detected at the boundary surface 
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will be, at most, 20% higher [Jun95]. Add to this the fact that, during clinical applications of a series of 

laser pulses, the application sites of the successive laser pulses are so close to one another that they cannot 

create any separate cavitation bubbles. Thus, this scenario is of little practical significance for intraocular 

photodisruption. 

3. During the oscillations of a cavitation bubble, the gas content of the bubble increases through 

rectified diffusion [Cru84] and, at the end of the oscillations, one or more small gas bubbles remain. They 

dissolve into the surrounding fluid within seconds or minutes [Fir91]. If the small gas bubbles linger at 

an application site, they impede plasma formation by subsequent laser pulses. If the small gas bubbles 

move away from the application site, as is usually the case, there is an interaction between them and the 

optical breakdown created by subsequent pulses. The shock wave produced during breakdown and the 

flow field of the expanding cavitation bubble induce a collapse of the small gas bubbles [Lau72], during 

which a jet is formed in the propagation direction of the shock [Bir58, Bow65, Vog90]. This jet can, like 

the cavitation bubble jet, cause side effects at a large distance from the application site if it strikes 

sensitive tissue [Vog90]. This scenario is of great clinical significance, since, because of the long lifetime 

of the small gas bubbles, shock-induced bubble collapse plays a role, at high as well as low repetition 

rates. It can occur either when all laser pulses are focussed onto the same application site or when the 

focus is moved during a series of pulses. 

In the following sections, plasma formation during a series of laser pulses and the effect of optical 

breakdown on neighboring gas bubbles will be investigated in detail. 
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6.1 Theoretical background 

6.1.1 Plasma formation by a series of laser pulses 

The influence of cavitation or gas bubbles from previous pulses on plasma formation during a 

series of laser pulses depends on the ratio of the breakdown thresholds in the bubble and in the fluid. The 

breakdown threshold Ith in gases is essentially determined by the threshold Ic for cascade ionization, since 

there are usually enough impurities present to provide the seed electrons for an ionization avalanche 

[DeM69]; Ic is given by Eq. (2.18). The material dependent parameters in Eq. (2.18) are the average time 

i between collisions of free electrons with heavy particles, the band gap AE or ionization energy Eion, 

the rate g of diffusion losses from the focal volume, the refractive index no of the medium, and the mass 

M of the heavy particles. The differences between gases and liquids are greatest in the collision time % 

which is about 10‘15 s in fluids [Blo74] and about 2 x 10‘13 s in gases at standard pressure [Smi76]. The 

different collision times in Eq. (2.18) imply that the threshold^ in gases at standard pressure for 1064 nm 

laser pulses is about 500 times Ic in fluids. The actual breakdown threshold /,/, in distilled water for a 6 ns 

pulse is about 50 times Ic because of the need to initiate the cascade by multiphoton ionization 

(cf. Section 2.3.1.6). Thus, Ith in a gas bubble should be about 10 times higher than in water. For 30 ps 

pulses, IJIC is about 6 for breakdown in water (cf. 2.3.1.6), so that I,h in a gas bubble is expected to be 

about 80 times higher than in water. 

These crude estimates agree quite well with experimental observations for 6 ns pulses, although 

only the difference in the collision time z was taken into account and all the other material dependent 

parameters were neglected. For 30 ps pulses the experimentally observed threshold in air is about 

20 times higher than in water, i.e., the difference is not as large as predicted. 

Since % is inversely proportional to the gas pressure [Smi76], the breakdown threshold inside a 

cavitation bubble is substantially higher than in a gas bubble, because the pressure inside a cavitation 

bubble is considerably lower than standard pressure for most of the oscillation period. Therefore, no 

plasma will be formed in a cavitation bubble even for pulse energies well above the breakdown threshold 

in water or tissue. 

6.1.2 Effect of optical breakdown on gas bubbles from previous pulses 

6.1.2.1 Gas bubble formation 

At the end of the oscillations of a cavitation bubble, a few long-lived gas bubbles, which 

essentially contain air, remain. The dissociation of water molecules owing to the high temperature in the 
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laser plasma and in the collapsing cavitation bubble contribute to the formation of the gas bubbles 

[Rob96], but the main mechanism for their formation is "rectified diffusion" of gas from the fluid into the 

oscillating cavitation bubble [Apf81, Cru84, Chu89, Lei94]. Several effects contribute to the rectified 

diffusion: first, the surface area of the bubble in its expanded state, when it has a low internal pressure and 

gas can diffuse inward, is substantially greater than during the collapse, when the pressure inside the 

bubble exceeds the hydrostatic pressure and the gas diffuses outward. Second, the pressure gradient is 

directed toward the interior of the bubble longer than outward because of the long lasting bubble 

expansion. Third, the gas concentration gradient in the fluid directed toward the bubble is steeper than 

the gradient directed out of the bubble in the neighborhood of the collapsing bubble. The reason is that, 

the fluid "shell," within which gas exchange takes place, contracts to a thin layer during expansion and 

thickens during collapse. The stable gas bubble which remains at the end of the cavitation bubble 

oscillations owing to directed diffusion is substantially smaller than the maximum radius of the cavitation 

bubble from which it originates. Because of the small surface area of the gas bubble and the low partial 

pressure difference to its surroundings, it lasts several seconds, until the gas dissolves again in the fluid. 

6.1.2.2 Shock-induced bubble collapse 

If a shock wave interacts with a gas bubble in a fluid, the bubble collapses and the acoustic 

energy in the shock will thus be focussed onto a small volume, where it creates high temperatures and 

pressures [Eva62, Cha74, San86, Shi88]. The mechanism for the gas bubble collapse depends on the 

duration of the pressure pulse. 

1. If the shock duration is much shorter than the time it takes to cross the bubble, the bubble will 

never be completely surrounded by a high-pressure region. The shock is reflected at the boundary 

between the fluid and gas bubble, so the fluid adjacent to the interface will be accelerated to a velocity 

equal to twice the post-shock particle velocity up [Col48]. The shock wave passage at the sides of the 

bubble will have little additional effect. 

2. If the shock duration exceeds the collapse time for the gas bubble, the bubble wall on the side 

facing the shock will be first accelerated to a velocity of 2up, as in the previous case, but then the entire 

bubble wall will be further accelerated because of the prolonged pressure difference between the ambient 

pressure and the pressure inside the bubble. The latter portion of this process resembles cavitation bubble 

collapse in a free liquid, but the pressure difference is higher. 

The interaction of laser induced shock waves with gas bubbles much larger than «150 pm falls 

into the first category, because the shock waves last about 100 ns and traverse a distance of about 150 pm 

in this time. Bubbles with a diameter smaller than 150 pm will be completely surrounded by a high 

pressure region for a short time, but the interaction time with the pressure wave is often shorter than their 
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collapse time. As a consequence, effects owing to momentum transfer from the shock front during 

reflection at the bubble wall will usually predominate even in this case. 

Previous theoretical studies of the shock wave-bubble interaction [Lau72, Tom86, Shi88, Vok93, 

Phi93] usually neglected the momentum transfer during shock wave reflection and the asymmetry in the 

boundary conditions associated with shock wave impact. They are, therefore, only to a limited extent 

suitable for the analysis of the interaction between laser-induced shocks and gas bubbles. To improve the 

analysis, Jungnickel (1995) took the momentum transfer during shock reflection into account. Calculating 

the bubble dynamics with the Gilmore model (cf. 3.1.2), she let a pressure pulse corresponding to the 

measured shock wave profile act on the bubble and additionally assumed a bubble wall velocity of 2 up as 

an initial condition for spherical bubble collapse. In this way, she obtained quite good agreement 

between the calculated collapse times and the experimental observations. A truly satisfactory description 

of bubble collapse including shock-induced jet formation can, however, only be obtained if both the post¬ 

shock particle velocity and the asymmetric boundary conditions are taken into account. 

6.1.2.3 Jet formation 

If a shock is incident on a curved fluid surface, a jet develops owing to convergence effects. The 

velocity of this jet can substantially exceed the initial velocity 2up imparted to a bubble wall during 

reflection of a normally incident shock [Bir48, Bow65, Tom86, San88, Dea88] (Fig. 6.1). 

Fig. 6.1 Jet formation by reflection of a 

shock wave at a gas bubble. The shock, 

with a particle velocity up, is reflected as 

a rarefaction wave at the fluid-gas 

interface and, thereby, imparts a velocity 

2up to the bubble wall. Convergence 

effects then produce a liquid jet with a 

much higher velocity. 

This effect was discovered by the mining engineer Munroe (1888) in experiments with hollow, 

hemispherical explosive charges. It has been used in military technology where shells are equipped with 

a metal-coated conical cavity. Shock induced collapse of the cavity forms a metallic jet which can 

penetrate centimeter thick armor. Birkhoff et al. (1948) developed a theory for this process, but I am 

unaware of a theoretical analysis of the collapse of a hemispherical cavity upon which a single plane or 

convex curved shock is incident. Bowden (1966) made an experimental study of the interaction of a 

shock wave with a nearly hemispherical fluid surface in a nozzle, i.e., with a "half’ bubble. He found that 
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the "Munroe jet" produced by convergence effects was roughly three times faster than the main fluid 

stream used to create it. Philipp, et al. (1993) and Jungnickel (1995) observed jet velocities 6 times the 

velocity 2up of the bubble wall immediately after shock reflection in their investigations of the collapse of 

gas bubbles impacted by shock waves generated with an extracorporeal shock wave lithotriptor (for 

ESWL). Jet formation during bubble collapse by laser-induced shocks has not been investigated 

previously. 

6.1.2.4 The contributions of shock and flow pressure to gas bubble collapse 

If optical breakdown occurs in the neighborhood of a gas bubble, the gas bubble is exposed both 

to the shock wave produced by the breakdown and to the Bjerknes force created by the flow field of the 

oscillating cavitation bubble [Bla49, Cru75]. The flow pressure originating from the expansion of the 

cavitation bubble creates a pressure gradient across the gas bubble which, as described in Section 5.1.2.1, 

leads to formation of a jet in the direction of the pressure gradient and, thereby, enhances the effect of the 

shock wave. 

It is very difficult to isolate the contributions of the shock impact and cavitation bubble expansion 

to jet formation during collapse of the gas bubble, especially since the flow during bubble expansion can 

also be treated as an "afterflow" of the shock wave [Col48]. The total work done as a result of optical 

breakdown at some point at distance r in the surrounding fluid is given [Col48] by 

W(r) 

4k r2 
—!— f p2dt + —[ p[t) fp(tf)dt'dt. 
PoCot(r) Port{r) t(r) 

(6.1) 

Here t(r) is the time at which the shock front reaches r. One can interpret the first term in Eq. 

(6.1) as the acoustic energy in the shock wave (related to the elastic compression of the liquid) and the 

second term as describing the change in the kinetic and potential energies of the "afterflow" of the shock 

[Col48]. This separation is, however, not completely correct. The pressure behind the shock front is at no 

time exclusively the result of either compressible or incompressible flow, so the terms in Eq. (6.1) cannot 

be exclusively associated with the shock or the bubble-induced flow. The first term increases very 

rapidly as the actual shock wave passes, because the pressure p is then very high. Later contributions from 

the trailing edge of the shock become more and more insignificant. The second term increases 

considerably more slowly because of the expression ]p dt' in the integrand, but since \ p dt’ increases with 

time, the second term does make a significant contribution even though the pressure in the trailing edge 

and afterflow region is much lower than the peak pressure at the shock front. The prefactor Mr means 

that the afterflow becomes relatively less important with increasing distance from the optical breakdown 
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site. This decreasing importance is a consequence of the rapid drop in the flow velocity with increasing 

distance from the bubble wall. 

The above discussion shows that the relative influence of the cavitation bubble flow on the 

dynamics of the gas bubble becomes ever smaller compared to that of the shock, the further the gas 

bubble is from the optical breakdown site and the smaller the gas bubble. If the collapse time of the gas 

bubble is comparable to the duration of the shock wave (i.e., for small bubbles or for very long shock 

wave durations), the afterflow behind the shock scarcely plays a role. However, for large gas bubbles with 

a long collapse time, its contribution to the collapse of the bubble is substantial. 
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6.2 Experimental methods 

6.2.1 Plasma formation by a series of laser pulses 

Two clinical Nd:YAG laser systems were used for studying plasma production by a series of 

successive laser pulses. The time separation of the pulses emitted in burst mode was 20 ps and 20 ms, 

respectively, corresponding to repetition rates of 50 kHz and 50 Hz. Each burst consisted of three pulses 

approximately 10 ns in length. The high frequency bursts were produced by a Zeiss Visulas YAG laser 

(low order mode, focal angle 18° in air) and the low frequency bursts, by a Lasag Mikroruptor II 

(fundamental mode, focal angle 12° in air). The laser pulse was focussed into a cell filled with 

physiological saline solution, onto a metal rod inside the cell, or onto the iris of a freshly enucleated 

bovine eye. The studies of plasma formation in the free liquid and at a rigid boundary provided a better 

understanding of events in the third case, where optical breakdown was produced at a flexible tissue 

surface. The laser plasmas were detected by imaging the focal region of the laser with a fast photographic 

objective onto a photodiode with an built-in amplifier (Opto-Electronics AD 110) and the photodiode 

signal was displayed on a storage oscilloscope. Distortion of the plasma detection by scattered laser light 

was prevented by using an Nd:YAG blocking filter in front of the diode. The maximum laser output 

energy was 9.5 mJ per single pulse, i.e., 28.5 mJ per burst; 40 bursts with, respectively, 14 mJ and 28 mJ 

total energy were produced. 

6.2.2 Effect of optical breakdown on gas bubbles from previous pulses 

The effect of optical breakdown on gas bubbles from previous laser pulses was studied using the 

setup described in Section 5.2. First, the formation of gas bubbles from an oscillating cavitation bubble 

was recorded using the rotating drum camera at a 10 kHz framing rate. The effect of a subsequent laser 

pulse on the gas bubbles was then studied with higher time resolution using a framing camera that took 

single shot pictures with increasing time delays between optical breakdown and the illuminating pulse. 

In order to analyze the physical mechanisms and resulting tissue effects (cf. Chapter 7), gas 

bubbles were created under the endothelium of corneal specimens from bovine eyes and a 12 ns, 5 mJ 

laser pulse was focussed 2.5 mm from the endothelium under the bubble (Fig. 6.2). The gas bubbles were 

created with a microliter syringe (Hamilton, 10 pL) and had a radius of about 0.35 mm. The gas bubbles 

remaining after exposure to the laser are smaller. Their maximum radius after a 5 mJ laser pulse is about 

75 pm (cf. 6.3.2). 
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Fig. 6.2 Experimental arrangement 

for studying the effect of optical 

breakdown on gas bubbles from 

previous laser pulses. 

The parameter dependence of the shock wave - gas bubble interaction was studied by determining 

the collapse time of the bubble for different bubble radii (0.3-0.85 mm), pulse energies (20-150 mJ), and 

distances between the laser focus and bubble (2.5-7.5 mm). The Continuum YG 671 Nd:YAG laser 

described in Section 2.2.1 was used in this series of measurements to produce the shock waves. The 

bubble size before collapse and the collapse time yield the average bubble wall velocity during the 

collapse of the gas bubble and, thereby, a lower bound estimate for the jet velocity. The collapse time 

was ascertained by visual inspection from the delay time at which the bubble reached its minimum 

diameter, as the delay time between the optical breakdown and the illumination pulse was increased in 

1 ps steps. The corresponding shock pressure was measured with a PVDF hydrophone (CERAM) 

(cf. 3.2.2) located the same distance from the laser focus as the gas bubble. 
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6.3 Results and discussion 

6.3.1 Plasma formation by series of laser pulses 

At a pulse repetition rate of 50 Hz, a plasma is produced during every pulse, regardless of 

whether the laser is focussed into the free fluid, on a metal rod, or on the iris of a cow's eye, as long as the 

pulse energy exceeds the breakdown threshold. There is no effect on subsequent pulses, because the 

cavitation bubble and the residual microbubbles from each individual pulse vanish completely from the 

focal volume within a millisecond (cf. Fig. 6.4 in the next section) which is much faster than the time 

separation of 20 ms between the laser pulses. For the same reason, no impairment of plasma formation is 

to be expected up to a pulse repetition rate of 1 -2 kHz. 

When high frequency bursts with 50 kHz pulse repetition rate were focussed into the free fluid, 

only a single laser plasma was created and that by the first pulse in the burst. The second and third pulses 

were focussed into the center of the cavitation bubble produced by the first pulse (Fig. 6.3). They could 

not produce a plasma there, since the breakdown threshold in the interior of the bubble is considerably 

higher than in the fluid (cf. 6.1.1). Bubbles produced, for example, by a 5 mJ pulse have already reached a 

radius of 0.7 mm after 20 ps (Fig. 6.3a), when the second pulse is generated. This radius is substantially 

larger than the length of the plasma in the unperturbed fluid (cf. 2.3.2.3), so that no plasma could be 

produced in the fluid at the edge of the bubble, either. 

Fig. 6.3 The effect of cavitation bubbles from 

previous laser pulses on plasma formation, 

(a) Radius-time plot of the bubble oscillations 

after a 5 mJ pulse. By the time of the second 

and third pulses from a burst with a 20 ps pulse 

separation, the bubble has already reached more 

than 50% of its maximum radius, (b) Cavitation 

bubble and laser beam cone at the time of the 

second and third pulses with focussing into the 

free liquid, (c) Bubble and laser beam cone 

with focussing onto the surface of a metal rod in 

the liquid. 

b) 

c) 
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When the laser is focussed onto a metal rod in the fluid (Fig. 6.3 c), a plasma is produced by each 

pulse regardless of the repetition rate of the pulses. The cavitation bubble aquires a hemispherical rather 

than a spherical shape, owing to the solid boundary. Therefore, the laser focus lies not in the center of the 

bubble but at the absorbing surface of the metal rod. The breakdown threshold is, hence, low with and 

without a cavitation bubble. 

When high frequency bursts are focussed onto a flexible tissue surface, as is the case during 

iridotomy, the deformability of the tissue determines whether more plasmas can be produced after the 

first pulse. Data from experimental iridotomies on bovine eyes are summarized in Table 6.1. 

Number of plasmas 

observed 

% of cases with a burst 

energy of 

14 mJ 28 mJ 

1 40 25 

2 45 40 

3 15 35 

Table 6.1 Probability of creating one, two, or three plasmas during experimental iridotomies with high frequency 

bursts (50 kHz) of three pulses with different total energies. 

The number of plasmas that were created varied between one and three. Even at the maximum 

burst energy, only one plasma was produced in 25% of the shots and three plasmas were produced only in 

35% of all cases. The iris was evidently often so deformed by the cavitation bubble produced by the first 

pulse that a nearly spherical bubble developed into which the next pulses were focussed. When the tissue 

is more rigid, it is barely deformed during the bubble expansion and remains near the laser focus. The 

irradiance at the tissue surface is then sufficiently high in the subsequent laser pulses that optical 

breakdown can ensue. At higher pulse energies, the probability for multiple plasma formation increases, 

since the length of the region in which a plasma can be formed increases more rapidly with pulse energy 

than the cavitation bubble radius. 

6.3.2 Effect of optical breakdown on gas bubbles from previous pulses 

6.3.2.1 Gas bubble formation 

Figure 6.4 shows how small gas bubbles develop from the oscillation of a cavitation bubble 

generated by a 5 mJ nanosecond pulse. After the collapse of the cavitation bubble, microbubbles remain 

which move away from the laser focus with an initial velocity of over 10 m/s. Immediately after the 
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200 jis 800 ps 

♦ ♦ •: 

300 1100 p$ 

Fig. 6.4 Cavitation bubble 

dynamics in a free liquid after 

a 5 mj laser pulse (10000 

frames/s). The second picture 

shows the bubble shortly 

before it reaches its maximum 

radius, the third picture was 

taken 10 ps before the first 

collapse, and the fourth 

picture 9 ps after the second 

9 collapse. The microbubbles 

remaining after the second 

collapse move away from the 

laser focus at a velocity 

1mm exceeding 10 m/s. 

collapse, the small bubbles are still oscillating and have an irregular shape, but in the final pictures they 

already have a constant size and a round shape. The maximum diameter of a single small bubble after a 

5 mJ laser pulse is 150 pm. If several of them remain, their diameters are, accordingly, smaller. Because 

of their long lifetimes of a few seconds, they can be seen with the unaided eye during intraocular 

microsurgery, unlike the cavitation bubbles which disappear after less than 1 ms. 

The cavitation bubble breaks up into several small bubbles, as it is not exactly spherical prior to 

the collapse. Deviations from a spherical shape become stronger during collapse [Stru71] and lead to the 

formation of jets [Lau82, Vog89]. Since each jet flow results in the formation of a ring vortex (see 

Section 5.1.2 and [Vog89]), the bubbles are propelled away from the collapse site. Because of the 
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conservation of momentum, the bubbles move out in opposite directions from one another. The dynamics 

shown in Fig. 6.4 is often observed with laser-produced cavitation bubbles. Because of the oblong shape 

of the breakdown plasma, the bubble expansion is greatest in the "equatorial plane" perpendicular to the 

optical axis. The wall of the expanded bubble is, therefore, especially strongly curved at the equator and 

the collapse is fastest there [Lau82]. That leads to the formation of an annular fluid flow in the equatorial 

plane. This flow divides the bubble, and two oppositely directed jets develop along the axis of the laser 

beam [Lau85, BruOOa]. Because of the jet formation and the ensuing ring vortex flow, the parts of the 

bubble move away from each other at a high and, over quite long times, relatively constant velocity. They 

can move several millimeters from the application site. The high velocity of the microbubbles has misled 

some authors to interpret them as "particles" [Ver86]. 

6.3.2.2 Bubble collapse and jet formation 

Figure 6.5 shows what happens when a laser pulse is focussed near two gas bubbles. The gas 

bubbles are first struck by a pressure of about 8 MPa lasting about 100 ns from the shock wave produced 

by the plasma expansion, and are then exposed to the flow created by the expansion of the cavitation 

bubble. Jets develop that penetrate the gas bubbles in the direction of shock wave propagation, which is 

the same as the direction of the radial flow produced by the expanding bubble. 

Fig. 6.5 Jet formation in two gas bubbles 

(at the upper boundary of the picture) 70 ps 

after optical breakdown created by a 9 mJ 

laser pulse focussed 2.5 mm from the gas 

bubbles. The shock wave generated during 

breakdown has a duration of -100 ns and 

hits the gas bubbles with a pressure of 

about 8 MPa. The cavitation bubble 

following breakdown can be seen in the 

lower part of the picture. Jet formation in 

the gas bubbles follows the propagation 

direction of the shock wave and of the flow 

generated by the bubble expansion. 



MULTIPULSE INTERACTIONS 158 

15 fis 61 ps 

Fig. 6.6 Shock induced jet 

formation with a gas bubble 

that has 350 pm initial radius. 

A shock wave was produced 

2.5 mm away from the bubble 

using a 9 mJ laser pulse. 

Figure 6.6 illustrates the jet formation in a series of single shot pictures taken with increasing 

time delays between the laser pulse and the irradiation pulse. The volume of the gas bubble is 

compressed by the shock wave and its afterflow within about 15 ps to a third of its initial volume, and 

then it expands again to more than four times the initial volume. The large increase in the volume of the 

gas bubble relies partly on the preceding compression of the gas bubble and is partly attributable to the 
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fact that an underpressure develops in the fluid surrounding the laser-induced cavitation bubble within a 

few microseconds after breakdown. The underpressure in the liquid is a consequence of the fact that the 

pressure inside the expanding cavitation bubble falls to a level below the hydrostatic pressure. 

The jet formed during the gas bubble collapse can first be seen when the bubble rebounds after 

collapse, and then remains visible for a long time. Fig. 6.6 allows a crude estimate of the jet velocity: We 

assume that the part of the bubble wall opposite to the boundary that then forms the jet tip touches the 

boundary between the third and fourth frame of the picture series. This implies a jet velocity of 

50-60 m/s. The diameter of the jet is about 80 pm, i.e., roughly a ninth of the initial bubble diameter. 

The jet velo-city is 10 times the post shock particle velocity up (5.4 m/s), i. e., 5 times the initial bubble 

wall velocity 2up created by reflection of the shock. That the jet velocity is substantially higher than 2up 

is explained by convergence effects during the collapse of the bubble (cf. 6.1.2). If the jet hits the 

boundary at 55 m/s, it produces a water hammer pressure (cf. Eq. (5.4)) of 40 MPa for a time of about 

30 ns and, thereafter, a flow pressure of 1.5 MPa. The water hammer pressure is 5 times the shock 

pressure of 8 MPa which produced the jet, but its duration is shorter than that of the shock. The dynamic 

pressure of the jet flow is only a fifth of the shock pressure, but it acts for several microseconds. The jet 

flow also generates shear forces at the boundary surface which last for a few microseconds. 

6.3.2.3 Scaling laws 

Figure 6.7 shows the average bubble wall velocity vB during bubble collapse as a function of the 

laser pulse energy Ep and of the distance d between the laser focus and bubble. The fits to the 

measurement data yield the scaling laws 

VS = E°l5 (6.2) 

and 

vB <* d~°'9. (6.3) 

Since the shock pressure and laser pulse energy at a constant distance from the laser focus are related as 

ps oc Eb5 [Vog88a, Jun95, Noa97], Eq. (6.2) yields a third scaling law 

Vb~Ps- (6-4) 

The average bubble wall velocity during gas bubble collapse is lower than the maximum jet velocity, but 

the scaling laws derived from it are probably valid for the jet velocity, as well. 

It is noteworthy that the collapse velocity falls off slightly below linearly with increasing distance 

from the laser focus (Eq. (6.3)), although the shock wave pressure decreases with distance as ps d~106 

(cf. Fig. 3.7). The reason may be that the convex curvature of the shock wave decreases with increasing 
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distance from the focus, so that a larger fraction of the shock momentum is directed toward the center of 

the gas bubble. 

Laser pulse energy (mJ) 

Fig. 6.7 Average bubble wall velocity during breakdown-induced gas bubble collapse as a function of the laser 

pulse energy (a) and of the distance between laser focus and bubble (b). The initial gas bubble radius was 0.5 mm in 

both cases. The distance between focus and boundary in (a) was 2.5 mm and the laser energy in (b) was 155 mJ. 

In Fig. 6.8 the average bubble wall velocity during gas bubble collapse is plotted as a function of 

the bubble diameter. The bubble wall velocity has a maximum for a bubble radius of about 0.4 mm. The 

existence of such a maximum can be explained by the fact that small bubbles collect shock wave and flow 

energy only from a small cross sectional area. Large bubbles, on the other hand, exhibit only a weak 

curvature of the bubble wall, which is decisive for the focussing of energy into the jet flow. 

Bubble radius (mm) 

Fig. 6.8 Average bubble wall velocity 

during shock induced collapse of a gas 

bubble as a function of the initial bubble 

radius. A 155 mJ laser pulse was focussed 

a distance of 2.5 mm from the bubble. The 

shock pressure upon impact at the gas 

bubble was 31 MPa. 

The duration of the laser-induced shock wave is about 100 ns, significantly shorter than the 

collapse time for the gas bubbles, which is 18 ps for a pulse energy of 5 mJ and an initial radius of 

350 pm (cf. Fig. 6.6). The bubble wall is, hence, no longer accelerated by an elevated pressure during 

most of the collapse phase. The collapse is started by the shock wave impact, but proceeds only because 

of the inertia of the fluid surrounding the bubble which has been accelerated by the shock wave reflection 
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at the bubble wall. For longer shock durations of about 1 (is as in extracorporeal shock wave lithotripsy 

(ESWL), the bubble wall is accelerated during a major part of the collapse phase [Phi93, Jun95]. The 

bubble collapse is, therefore, substantially more intense than with laser-induced shock waves of equal 

amplitude. An ESWL shock wave with a pressure of 65 MPa hitting a gas bubble with 0.7 mm radius 

produces a jet with a velocity of over 500 m/s [Phi93, Jun95] which is more than 12 times higher than the 

post-shock particle velocity (40 m/s). 
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6.4 Summary and clinical consequences 

6.4.1 Plasma formation by a series of laser pulses 

When multiple pulses are applied, plasma production is hindered by the cavitation bubbles from 

previous pulses when the time between pulses is shorter than the bubble lifetime, because the threshold 

for optical breakdown is considerably higher in the bubbles than in the fluid or in tissue. 

When the application site is surrounded by a low viscosity medium (e.g., aqueous humor), there 

is no impediment to plasma formation up to a pulse repetition rate of about 2 kHz. For picosecond pulses 

with energies in the microjoule range, the limit on the rate is about 5 kHz, since here the cavitation 

bubbles have a shorter lifetime owing to the low pulse energy. When repetition rates below the rate limit 

are used, plasma production can be impeded only by the small gas bubbles remaining from the cavitation 

bubbles. The latter is improbable, if the small bubbles can leave the application site unimpeded, but in 

fistulating operations (e.g., sclerotomies), where the microbubbles are trapped in an already existing 

channel, they can prevent successful completion of the operation. 

With the high frequency burst modes available in many clinical lasers, which have a pulse 

repetition rate of about 50 kHz, plasma formation is often hindered by cavitation bubbles. In experimental 

iridotomies on bovine eyes, even with 9.5 mJ pulse energy, a plasma was created in each pulse of a burst 

in only a third of the cases. This result demonstrates that the efficiency in burst mode is low, and the eye 

will be exposed to an unnecessarily high light dose. The high-frequency burst mode is, therefore, 

unsuitable as a means for increasing the laser energy deposited in an application site. 

If the application site is in viscous tissue, e. g., in cornea, the maximum cavitation bubble 

diameter is certainly smaller than in aqueous media, but the lifetime of the bubbles is substantially longer. 

In this case, a hindrance to plasma production can only be avoided if the laser focus is moved between 

pulses by a distance larger than the cavitation bubble radius. 

6.4.2 Effect of optical breakdown on gas bubbles from previous pulses 

At the end of the cavitation bubble oscillations, small gas bubbles remain which can move a few 

millimeters away from the application site. When subsequent laser pulses are applied, the gas bubbles 

will be collapsed by the shock wave and by the flow pressure exerted during cavitation bubble expansion. 

During the gas bubble collapse, a jet develops which penetrates the bubble in the propagation direction of 

the shock wave. Because of the jet formation, the shock wave and flow energies from the entire gas 

bubble cross section are concentrated in a much smaller cross section. If the jet strikes sensitive tissue 

structures, it can produce side effects at a large distance from the application site. The range of potential 

side effects related to this mechanism is even greater than for cavitation bubble collapse. A 5 mJ laser 
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pulse produces a jet with a velocity of 50-60 m/s, even if the gas bubble is located 2.5 mm away from the 

laser focus. In addition, shock-induced jet formation does not require any specific boundary conditions, 

as does jet formation during cavitation bubble collapse, which is most forceful if the bubble is located 

close to a rigid of flexible boundary. 

The average bubble wall velocity vB and, probably, also the jet velocity during gas bubble 

collapse scale with the laser pulse energy Ep, the distance d between laser focus and gas bubble, and the 

shock pressure ps in the following ways: vB EB5, vB d~°'9, and vB ps. A reduction in the laser 

pulse energy leads to a drop in the velocity of the jet and, thereby, in the potential for damage. When 

lower pulse energies are used, the resulting gas bubbles are also smaller, so their potential for damage is 

reduced even further. 
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7 Tissue effects 

This chapter examines the influence of the various physical mechanisms described in the 

preceding chapters on the development of tissue effects during intraocular photodisruption and analyzes 

how these effects are modified when the laser pulse duration is shortened from the nanosecond into the 

picosecond range. 

The tissue effects depend strongly on the boundary conditions: it makes a big difference whether 

the laser focus is at a tissue surface, in the fluid near a tissue surface, or in the tissue itself. 

1. Laser focus at a tissue surface surrounded with fluid. This case corresponds to the classical 

applications of photodisruption, as capsulotomies and iridotomies [Ste85], and it is also of interest for all 

other laser applications in which intraocular tissue must be cut. 

2. Laser focus in a fluid near a tissue surface. This configuration is of interest for evaluating 

possible side effects that may be encountered when the application site is in the vicinity of sensitive 

structures. Examples include the corneal endothelium during iridotomy, the retina during vitreoretinal 

laser surgery, and the intraocular lens during posterior capsulotomy [Vog90]. 

3. Production of laser effects inside homogeneous tissue. The third case has acquired great 

importance in the context of attempts to correct refractive errors of the eye by vaporization of a lenticule 

in the corneal stroma [Nie93, Hab95, Mar96]. For this application, it is not only important to assess the 

range of potential side effects, but the question still needs to be answered whether it is at all possible to 

vaporize enough corneal tissue to obtain the desired change of the corneal topography [Vog97b]. 

In order to ensure a good comparability of the tissue effects in the different configurations listed 

above, the studies were performed on a single type of ocular tissue. The cornea was chosen as a model 

tissue, since it is a good detector of the different physical effects owing to its layered structure. 

Thermally induced tissue changes can be studied by looking at the collagen denaturation in the corneal 

stroma, and the corneal endothelium reacts very sensitively to mechanical damage. Lesions in the corneal 

endothe-lium are, moreover, a clinical complication that is often observed in intraocular photodisruption 

[Gab85, Ker85, Win88]. 

The tissue effects in each configuration were studied histologically and morphometrically at 

various laser pulse durations and energies. For laser effects inside tissue, the state immediately after the 

application of a pulse cannot be documented histologically, because it takes too long until the fixate has 

reached the lesion by diffusion through the outer tissue layers. In this case, the tissue effects immediately 
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after the laser pulse were documented through high-speed photography [Vog94b,d, Vog97b]. Based on 

the histological and photographic studies, the physical mechanisms responsible for the tissue effects are 

identified, and the relationship between the desired surgical effect and undesired side effects with nano- 

and picosecond pulses are evaluated [Vog90, Vog94b]. 
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7.1 Experimental techniques 

7.1.1 Measurements with different irradiation geometries 

Figure 7.1 provides an overview of the various irradiation geometries used to study laser induced 

tissue effects, and Table 7.1 lists the major data on the laser systems employed in those studies (Lasag 

Mikroruptor II, Continuum YG-617-10, and ISL 2001), along with the corresponding focal parameters. 

Fig. 7.1 Irradiation geometries for studying the consequences of different physical effects after optical breakdown 

at the cornea. The laser pulses were focussed (a) perpendicularly and directly onto the comeal endothelium or (b) 

parallel to the cornea at a distance s from the endothelium, (c) Irradiation geometry for studying the damage caused 

by the interaction of a laser generated acoustic transient with an air bubble attached to the comeal epithelium, (d) 

To study intrastromal laser effects, an eye was moved laterally across a fixed laser focus. Because of the curvature 

of the cornea, this movement produces a variable distance between laser focus and comeal endothelium, which is 

used to determine the range for damage to the endothelium. 

Corneal specimens from freshly enucleated bovine or porcine eyes (1-4 hours post mortem) were 

used, after being cut out of the eye with a trephine or a preparation blade. Each specimen was fastened to 

a holder and immersed in a cell containing physiological saline solution. An XYZ translation stage was 

used for positioning the sample In some experiments the cell was replaced by a holder in which an entire 

enucleated eye could be fastened. Aiming was done with a helium-neon laser together with a microscope 

(Fig. 7.2). Since the cavitation bubble dynamics is the main cause of the disruptive effects in 

photodisruption, the bubble size in water was determined for each pulse energy used in the tissue 
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experiments. The bubble size was obtained by measuring the time between the shock waves from the 

optical breakdown and the bubble collapse (cf. 3.2.3). 

Lasag Mikroruptor II Continuum YG 617-10 ISL 2001 

Wavelength (nm) 1064 1064 1064 1064 1053 

Pulse duration (ns) 12 12 6 0.03 0.045 

Laser mode/ beam profile 
fundamental 

mode 
multimode 

approximately 

gaussian 
gaussian 

approximately 

gaussian 

Test cell wall glass plate glass plate 
RAK contact RAK contact RYM contact 

lens lens lens 

Focusing angle inside the 

glass cell 
9.5° 12.5° 22° 14° 30° 

Focal spot diameter (pm) 20 55 8 6 
13 (per 

manufacturer) 

Breakdown threshold in 
750 6100 140 n 20 

distilled water (pJ) 
/ 

Table 7.1 Laser systems and focal parameters for the tissue experiments. 

Laser focus at the tissue surface. In order to study the combined effects of plasma, shock wave, 

and cavitation during tissue cutting, 12 ns laser pulses from the Lasag Mikroruptor II were focussed 

perpendicular to the Descemet's membrane or into the underlying corneal stroma (Fig. 7.1a) [Vog90]. 

water filled 
glass cuvette camera 

Fig. 7.2 Experimental 

setup for studying 

tissue effects with the 

Continuum laser and 

for high-speed photo¬ 

graphy of the resulting 

cavitation effects. 
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Laser focus in fluid adjacent to tissue. In order to exclude the direct vaporizing effect of the 

plasma and permit the mechanical effects of the shock wave and cavitation bubble to work alone, the 

laser pulses were focussed parallel to the Descemet’s membrane (Fig. 7.1b). The distance 5 between the 

laser focus and cornea was varied and the effect of single pulses, as well as the cumulated effects of a 

series of pulses, were studied [Vog90]. The positioning accuracy for s was ±10 pm. 

Tissue effects owing to the interaction of optical breakdown with gas bubbles from previous laser 

pulses (cf. 6.3.2) were studied using the irradiation geometry shown in Fig. 7.1c [Vog90, Fri91]. Small 

air bubbles with a radius of 350 pm were placed under the cornea with a microliter syringe, or the bubbles 

remaining after a laser shot, with a maximum radius of 75 pm, were used. Then 4 mJ, 12 ns laser pulses 

from the Mikroruptor II were focussed at a distance s from the cornea under the air bubble. The transients 

emitted during optical breakdown, as well as the flow caused by the expanding cavitation bubble, would 

interact with the air bubble and create a jet in the direction of the endothelium. 

The damage range of optical breakdown. For the irradiation geometries shown in Figs. 7.1a and 

b, the radius n of the laser-produced tissue effects was measured as a function of the laser pulse energy 

[Vog90]. For focussing parallel to the cornea, the damage range was determined . The damage range R 

is defined as the geometrical distance between the laser plasma and the most distant portion of the corneal 

lesion, i.e., 

R=J**+?• (7.D 

A total of 90 specimens were used and 200 lesions evaluated to determine the damage range. The damage 

range for the shock wave-gas bubble interaction (Fig. 7.1c) was studied by varying the distance s between 

the laser focus and cornea for a constant laser energy. A total of 17 specimens with laser-generated 

bubbles and 48 in which the bubble was made with the microsyringe were studied. 

Tissue cutting with different laser pulse durations. In order to compare the precision of the 

tissue effects with picosecond and nanosecond pulses, cuts were made in Descemet's membrane using a 

series of pulses from the Continuum YG laser. The pulses were applied at a repetition rate of 10 Hz as 

the corneal preparation was moved laterally with the translation stage (Fig. 7.1a). The effects of 30 ps, 

50 pJ and 6 ns, 1 mJ pulses were compared [Vog94b]. 

Laser focus in tissue. The irradiation geometry of Fig. 7. Id was used to study the morphology 

and damage range of intrastromal laser effects. Intact bulbi were mounted with a holder onto the 

translation stage and initially positioned so that the optical axis was coaxial with the laser beam axis and 

the laser focus was in the plane of the corneal endothelium. Then the eye was slowly moved laterally 

while 30 ps, 80 pJ pulses from the Continuum YG laser were applied at a repetition rate of 10 Hz 

(Fig. 7.Id). Because of the curvature of the cornea, this led to effects with a continuously increasing 
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distance from the posterior surface of the cornea. The range for damage to the endothelium was then 

determined by evaluating a series of histological sections [Vog94d]. The histological study was 

supplemented with a photographic analysis of the intrastromal cavitation dynamics (cf. 7.1.3). 

The possible volume of intrastromal tissue vaporization was analyzed by applying a series of 45 

ps pulses from the ISL 2001 laser in a rectangular pattern to the anterior stroma [Vog97c]. The pulses 

were applied either to a single layer or to several layers lying above one another, beginning with the 

posteriormost layer. The dependence of tissue vaporization on the laser parameters was established by 

varying the pulse energy, the lateral pulse separation, and the number and separation of the layers. The 

thickness of the resulting bubble layer served as a scale for the amount of vaporized tissue. It was 

documented photographically immediately after application of the pulse in each case. A histological 

documentation of the thickness of the bubble layer is not possible, since most of the gas diffuses out of 

the tissue during the fixation process before the fixative has reached the bubble layer and "frozen" the 

bubble size. In order to be able to photograph the bubble layer from the side, the experiments had to be 

done with corneal specimens instead of intact eyes. The specimens were irradiated in a cell filled with 

physiological saline solution. In order to guarantee that the laser focus would be of good quality and to 

obtain a large focal angle (similar to that with the ISL 4001 system, which is specially constructed for 

intrastromal refractive surgery), the laser beam was sent through an ophthalmic contact lens built into the 

wall of the cell. 

7.1.2 Microscopic and histological studies 

All corneal specimens were fixed in a buffered solution of 4% glutaraldehyde after exposure to 

the laser, and the lesion size and morphology were studied microscopically in various ways. The size of 

every lesion was determined with a Zeiss interference contrast microscope (Nomarski type). In this way, 

the large number of lesions, almost 300, could be evaluated with much less effort than required for 

histological investigations. 

Selected specimens were prepared for electron scanning microscopy by post-fixation in a 2% 

buffered osmium tetroxide solution, dehydration in ethanol, critical point drying in CO2, and gold 

sputtering. The surface morphology of the lesions was studied with a JEOL JSM 35 microscope. Then 

some of these lesions were again transferred in 100% ethanol and then in propylene oxide and, finally, 

embedded in Epon 812. Semi-thin sections (1.5 pm) were stained with Tuloidine blue and studied with 

an optical microscope. Ultra-thin sections (60 nm) were contrasted with uranyl acetate and lead citrate 

and inspected with a Zeiss EM 9 S-2 transmission electron microscope. It was very difficult to produce 

good thin sections and, especially, ultra-thin sections, since the gold layer on the surface required for 

scanning electron microscopy hindered the penetration of the Epon into the tissue. Nevertheless, with this 
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procedure, it was possible for the first time to study both the surface morphology and histological sections 

of the same corneal lesions [Vog90]. 

Intact bulbi were used for the histological documentation of intrastromal laser effects and to 

determine the damage range for damage to the endothelium. Some bulbi were fixed in 4% glutaraldehyde 

and some in 4% neutral formalin. The whole eye was first prefixed for 2 h and then fixative was injected 

from the limbus into the anterior chamber. Then the piece of cornea containing the lesion was excised 

and further fixed overnight at 4 °C. The specimens fixed in glutaraldehyde were post-fixed with osmium 

tetroxide, dehydrated, and embedded in Epon. Specimens containing laser effects with increasing distance 

from the corneal endothelium were cut into series of semi-thin sections which were then stained with 

Tuloidine blue and examined by light microscopy. The specimens fixed in formalin were embedded in 

paraffin after dehydration; 6 pm thin sections were stained with sirius red [Asi96] and examined with a 

polarization microscope. 

Polarization microscopy is well suited for the analysis of thermal effects in the cornea, since 

thermal denaturation of corneal tissue leads to changes in the corneal collagen resulting in a reduction or 

loss of birefringence [Tho89]. Sirius red staining enhances the contrast in the microscopic picture, 

because Sirius red is an elongated birefringent molecule, which, when bound to a collagen molecule, is 

oriented parallel to the latter, so that the collagen birefringence is enhanced [Puc73]. 

7.1.3 Photographic studies 

The dynamics of cavitation bubbles inside corneal tissue and the thickness of the bubble layer 

after the application of a series of pulses were documented in side view using the setup shown in Fig. 7.2 

[Vog94b,d]. Top-view photographs of the intrastromal bubble layer were taken with a second camera 

mounted above a beam splitter on the slit lamp microscope [Vog97c]. The light source was a spark lamp 

(High Speed Photosysteme, Nanolite K-L) that emits flashes lasting less than 20 ns. The photographs 

were taken with 7 times magnification (Leitz Photar 3.5/40 mm). The side view pictures show a cross 

section of the cornea and, thereby, the position of the laser effects relative to the epithelium and 

endothelium. The bubble dynamics in physiological saline solution was also documented for comparison. 
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7.2 Results and discussion 

7.2.1 Laser focus at the tissue surface 

If the laser pulse is focussed directly onto the Descemet's membrane or in the underlying comeal 

stroma (Figs. 7.3 and 7.4), tissue vaporization owing to the laser plasma is the most important factor in 

the development of lesions. Acoustic transients and cavitation are secondary mechanisms that enhance the 

effects already created by the plasma. Figures 7.3a and b present a top view of a lesion created by a 5 mJ, 

12 ns laser pulse, and figure 7.3 shows the same lesion in side view. The radius of the lesion is 0.5 mm, 

i.e., about 1/3 of the maximum cavitation bubble radius. In the center of the lesion there is a deep hole in 

the Descemet's membrane and in the stroma, around which the Descemet's membrane has been ruptured. 

Both effects are attributable to the vaporization and disintegration of tissue by the plasma and to the 

explosive expansion of the plasma an the bubble. In the neighborhood of the crater there is a zone in 

which the endothelial cell layer is missing and beyond it lies a more extensive region in which the cells 

are still present but have been damaged. These effects were caused by the acoustic transients and 

Fig. 7.3 Lesion from a 5 mJ, 12 ns laser pulse 

(fundamental mode) focussed perpendicular to the 

corneal endothelium. (a) Scanning electron 

microscope picture of the entire lesion, (b) An 

enlarged segment of the central crater, (c) Optical 

microscope picture of a semi-thin section through 

the center of the lesion. Scale 100 pm in (a) and 

(c), 10 pm in (b). 
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cavitation bubble dynamics. The morphology of the lesion indicates that the shear forces exerted on the 

corneal surface by the cavitation bubble flow could play an important role in the tissue changes 

(cf. Chapter 5). 

The hole in the stroma has a diameter of about 70 pm and roughly the same depth (Fig. 7.3c). 

These dimensions are considerably greater than those of the laser focus, but they correspond quite well to 

the size of the region in which the plasma radiation was observed. (For nanosecond pulses the plasma size 

near the optical breakdown threshold is substantially greater than the focal volume; cf. Section 2.3.2.3.) 

The holes under the main crater are presumably caused by multiple optical breakdowns inside the stroma, 

which might be caused by hot spots due to aberrations in the beam path and by a non-gaussian laser beam 

profile (cf. Section 2.3.6). The overall length of the bubble filament in the histologic tissue sections is 

about 200 pm, in good agreement with the length of the plasma that was observed in distilled water for a 

5 mJ laser energy (Fig. 2.11). 

The morphology of the lesions is highly dependent on whether the plasma was produced at the 

corneal surface or deep within the stroma. When the plasma was created close to the surface (Fig. 7.3c), 

the volume of the tissue defect coincided well with the volume within which a plasma was observed upon 

focussing a pulse with the same energy into saline solution or water. When the plasma was created deep 

inside the stroma (Fig. 7.4a), a considerably larger hole with a diameter of 230 pm was produced by the 

expansion of the plasma and cavitation bubble. In this case, a large fraction of the laser energy contributes 

to the mechanical deformation of the surrounding tissue. The micro-explosion causes a horizontal folding 

and vertical displacement of the collagen lamellae. When the plasma is created right at the comeal 

surface (Fig. 7.4b), it can expand unhindered into the surrounding fluid and produces only a small hole in 

Fig. 7,4 Comparison of laser effects with focussing at different depths, (a) Focussing into the corneal stroma (8.2 

mJ, 12 ns, multimode); (b) focussing on Descemet's membrane (9.3 mJ, 12 ns, multimode). The scale is 100 pm. 
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the tissue. The hole is only slightly greater than the diameter of the laser focus, which was about 50 pm 

(multimode laser operation). One can see, however, that the corneal surface has been indented as a result 

of the expansion of the cavitation bubble. Such mechanical tissue deformations are unavoidable during 

plasma aided laser surgery in a liquid environment. They hardly occur during plasma ablation in air, 

since the plasma experiences no inertial confinement there. Therefore, in air finer incisions can be made 

for the same laser parameters and more precise ablation can be achieved [Lud94]. 

The extent of thermal laser effects can be inferred by inspection of the crater walls of the lesions 

(Fig. 7.5). Figure 7.5 a shows the wall of the intrastromal lesion from Fig. 7.4a. It is very smooth and no 

individual collagen fibrils can be identified. The evenness of the crater surface is probably a consequence 

of the combined action of the high temperature and the high pressure as the plasma expands. At a fissure 

in the crater wall (presumably an artifact of the preparation) one can see, however, that the changes in the 

appearance of the collagen fibrils are limited to a superficial layer less than 1 pm thick. This observation 

Fig. 7.5 Thermal laser effects in lesions at the tissue 

surface, (a) Scanning electron microscopic picture of 

the crater wall of the intrastromal lesion from Fig. 7.3a; 

(b) transmission electron microscopic picture of the 

crater wall of the same lesion; (c) the crater in the 

surface lesion from Fig. 7.4b. The scales are 1 pm in 

(a), 0.5 pm in (b), and 5 pm in (c). In (a) the crater 

wall appears to have been vaporized and recondensed, 

but in the cracks in the tissue (an artifact of the 

preparation), one can still see the fibrous collagen 

structure less than 1 pm below the surface. In (b) one 

can see that only a 0.1-0.12 pm surface layer has been 

thermally modified. In the surface lesion of (c), hardly 

any thermal changes are visible and the structure of the 

collagen fibrils is still recognizable. 
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was confirmed by the transmission electron microscopic picture of the same crater wall in Fig. 7.5b. 

Certainly, the regular order of the collagen fibers is disturbed near the wall, probably because of the 

mechanical forces acting during the plasma expansion, but the periodicity of the collagen fibers is visible 

here and there even very close to the crater surface. This observation indicates that the fibers are not 

thermally denatured [Zyp79, Asi96], The thickness of the dark, thermally modified boundary layer is 

only about 0.1-0.2 pm. If the laser effects are produced at the tissue surface, as in Fig. 7.4b, the thermal 

modifications at the crater wall are even weaker (Fig. 7.5c). 

The thinness of the thermally modified layer is a consequence of the strong intensity dependence 

of the optical absorption during optical breakdown that gives rise to a very sharp plasma boundary and 

thus to an equally sharp border of the region where energy is deposited (cf. Chapter 2). Despite the steep 

temperature gradient at the plasma boundary, only a small amount of heat diffuses into the surrounding 

tissue, since the time available for thermal conduction is very short. This is because of the short laser 

pulse duration and the very rapid adiabatic cooling of the vaporized material during bubble expansion. 

The temperature inside the bubble drops to a value on the order of room temperature within a few 

microseconds [Fuj80]. In intrastromal laser effects (Fig. 7.5a), the thermal modifications are somewhat 

stronger than in superficial lesions (Fig. 7.5c), because bubble expansion and adiabatic cooling are 

hindered by the surrounding tissue. 

7.2.2 Laser focus in fluid near tissue 

If the laser is focussed parallel to the cornea at some distance from the corneal surface, a direct 

interaction between the plasma and tissue is excluded, and the only potential damage mechanisms are the 

cavitation bubble dynamics and acoustic transients. The possible damage owing to the bubble dynamics 

depends on the dimensionless distance y=s/Rmax between the bubble and the boundary (cf. 5.1.2). 

Figure 7.6 shows two lesions produced for y = 0.45 (Fig. 7.6a) and } = 0.7. In both cases, a central 

rupture can be seen in Descemet's membrane which is most likely attributable to the impact of the jet 

formed during collapse of the cavitation bubble in the neighborhood of the corneal surface. The bubble 

dynamics for a y - value similar to that in Fig. 7.6a is illustrated in the series of high-speed photographs in 

Fig. 5.3d. The picture series indicates that the diameter of the jet is 1/60 of the maximum bubble 

diameter. Since Rmax was 1.6 mm in Fig. 7.6a, this corresponds to a jet diameter of 20-30 pm. This is 

about the same size as the diameter of the hole in the Descemet's membrane. It would be hard for the 

shock wave generated by optical breakdown to produce such a small, sharply defined hole at a distance of 

300 pm from its emission center. 
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Fig. 7.6 Lesions from laser beams focussed parallel 

to the cornea, (a) 6.0 mJ, 12 ns pulse (fundamental 

mode), 0.3 mm distance between the cornea and 

plasma, 7 = 0.45; (b) 4.1 mJ, 12 ns (fundamental 

mode), 0.45 mm plasma-cornea distance, 7 = 0.7; 

(c) enlarged view of (b). The scales are 100 pm in 

(a) and (b), and 10 pm in (c). 

The bubble dynamics for ) « 0.7 (as in Fig. 7.6b) is illustrated in Fig. 5.3c. Here the diameter of 

the jet is relatively larger, about RmJ 10. The impact of the jet ruptured Descemet's membrane in the 

neighborhood of the impact point. The shape of the rupture bears a superficial resemblance to that 

produced by focussing a pulse directly onto the cornea (Fig. 7.3a). At a higher magnification (Fig. 7.6c), 

however, it becomes obvious that no hole was made in the stroma and one can infer from Fig. 7.6b that, 

while the Descemet's membrane is tom, no part of the membrane is missing. 

For 7 > 0.8 rupture of Descemet's membrane was not observed after single laser pulses. At this 

bubble-boundary distance, the jet does not strike the comeal surface directly, but a ring vortex, whose 

toroidal core is the collapsing cavitation bubble, develops because of the jet flow (Section 5.1.2). The 

ring vortex flow obviously has less damage potential than direct jet impact, but it is still strong enough to 

cause damage to the sensitive comeal ephithelium. Annular damage patterns, such as those observed on 

metals by Philipp, et al. (1997) and attributed to the high internal pressure of the toroidal collapsing 

cavitation bubbles, were not found on the comeal surface. 



TISSUE EFFECTS 176 

The denudation of Descemet's membrane near the center of the lesion and the wall of cell debris 

seen in Fig. 7.6a were probably caused by the radial outward flow on the corneal surface that originates 

from the impact point of the jet. The damage in the outer part of the lesion, where endothelial cells are 

still present, may arise from shear forces acting through the radial flow on the endothelial cells. 

The effects of the jet flow become even more obvious after multiple laser exposures (Fig. 7.7). 

Debris from the comeal stroma was swept onto the Descemet's membrane, after the membrane had been 

ruptured by the first laser pulses (Figs. 7.7a, b). The vertical section through the lesion in Fig. 7.7d shows 

that the jet flow also caused removal of the Descemet's membrane from the underlying stroma. This sort 

of removal was never observed after single laser exposures. The enlarged view of the lesion center in 

Fig. 7.7c reveals that the ground substance normally filling the spaces between the collagen fibrils was 

washed away and that the regular ordering of the fibrils was destroyed. A further effect of the jet flow is 

the almost complete removal of endothelial cells up to the edge of the lesion. 

Fig. 7.7 (a) Comeal lesion from 30 successive 4.5 ml pulses focussed parallel to the cornea at a distance of 0.7 mm 

from the endothelium (7 = 0.9). (b) and (c) The central part of the lesion at higher magnifications, (d) A histologic 

section through the center of the lesion. The scale is 100 pm in (a) and (d), 50 pm in (b) and 1 pm in (c). 
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7.2.3 Effects of shock-induced gas bubble collapse 

Figure 7.8 shows lesions produced by the interaction of optical breakdown with neighboring gas 

bubbles on the corneal epithelium. In Fig. 7.8a the gas bubble had a diameter of 150 pm and was left by 

a 4 mJ laser pulse. It was then struck by the shock wave and the radial flow from a 4 mJ pulse focussed at 

a distance of 2 mm from the gas bubble. In the center of the lesion, the endothelial cells are missing 

entirely, and in the edge region of the lesion are pieces of cells which have been lifted up from the 

Descemet's membrane. The diameter of the cell free lesion center is about 1/4 of the gas bubble diameter. 

The morphological features of the lesion indicate that it has been produced by the impact of the jet 

formed during shock-induced collapse of the gas bubble (cf. Section 6.3.2). In terms of size and shape, 

the lesion resembles the endothelial lesions often observed after clinical Nd:YAG laser treatments 

[Gab85, Ker85, She85]. 

The diameter of the lesion scales with the size of the gas bubble. Figure 7.8b illustrates the 

substantially larger endothelial injury produced by collapse of a bubble with a diameter of 700 pm. In 

this case, the lesion had a size of about 1/7 of the bubble diameter. 

Fig. 7.8 Lesions on the corneal epithelium produced by shock-induced collapse of gas bubbles, (a) Gas bubble 

diameter 150 pm, laser focus-cornea distance 2.0 mm, 4 mJ, 12 ns laser pulse (fundamental mode); (b) Gas bubble 

diameter 700 pm, laser focus-cornea distance 3.5 mm, 4 mJ, 12 ns laser pulse (fundamental mode). Scale 10 pm. 

7.2.4 Damage range for optical breakdown 

The dependence of the damage range for single laser pulses on the absorbed laser energy is 

plotted in Fig. 7.9 for a parallel irradiation geometry and for direct focussing of the laser on the corneal 

endothelium. The data for parallel irradiation can be approximated in a log-log plot by a line with a slope 

of 1/3. The damage range has the same energy dependence as for the cavitation bubble radius, which is 
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Fig. 7.9 Damage range R as a function 

of the absorbed laser energy Eabs for 

focussing parallel to the cornea 

(triangles and crosses) and 

perpendicular to the cornea (dots). The 

slope of the line fitted to the data points 

is 0.32, except for exposure 

perpendicular to the cornea at pulse 

energies below 6 mj, where it is 0.43. 

also proportional to ElJbl [Vog90]. The damage range rose slightly with increasing dimensionless 

distance y between the cavitation bubble and cornea. For y > 1.2, however, no damage could be observed 

on the corneal endothelium, since by that distance the jet and annular vortex flows were so buffered by 

the fluid layer between the bubble and the cornea that they could no longer produce any tissue effect. The 

maximum damage range for parallel irradiation is, therefore, about 1.2 times the corresponding bubble 

radius Rmax for all laser pulse energies. When the laser is focussed directly onto the cornea at high 

energies (multimode pulses), the same energy dependence holds as for parallel irradiation; at lower 

energies (fundamental mode), the slope is 0.43. 

The values of the damage range observed for single nanosecond pulses with energies of 1-2 mJ 

are in good agreement with the data of Zysset, et al. (1989a) for 40 ps pulses with the same energy. The 

energy dependencies of the damage range are also in agreement. They were studied by Zysset, et al. for 

energies between 10 pJ and 2 mJ. 

When multiple laser pulses are used, the radius of the lesion increases slowly until the lesion size 

has doubled compared to that for a single exposure. After about 20 exposures, saturation occurs [Vog90]. 

The damage range was significantly extended when the laser-generated shock waves were able to interact 

with small air bubbles attached to the endothelium. Figure 7.10 shows plots of the radii of the lesions 

produced by a 4 mJ, 12 ns pulse focused at different distances from the corneal endothelium. For an air 

bubble diameter of 0.7 mm, endothelial lesions were produced out to distances of 3.5 mm between the 

focus and the cornea. When the experiment was performed with air bubbles of 0.15 mm diameter which 
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0.5 1.0 1.5 2.0 2.5 3.0 3.5 mm 

Distance s laser plasma - cornea 

Fig. 7.10 Radius rL of comeal 

lesions produced by the 

interaction of shock waves with a 

gas bubble at the comeal 

endothelium. The shock wave 

was generated by a 4 mj 

(fundamental mode) laser pulse 

focussed at different distances s 

from the cornea under the bubble. 

The diameter of the gas bubble 

was 0.7 mm. The average values 

of rL for each distance s are 

marked with open circles 

remain after 4 mJ laser pulses, endothelial lesions occurred when a second 4 mJ pulse was focussed at a 

distance of up to 2 mm from the cornea (Fig. 7.8a). This distance is substantially greater than the damage 

range of 0.88 mm from a single 4 mj pulse (cf. Fig. 7.9). 

7.2.5 Comparison of the effects of the different damage mechanisms 

The histological studies showed that the plasma-induced tissue vaporization is the main surgical 

mechanism during photodisruption and that the mechanical effects of the shock and cavitation bubble 

only have a subsidiary effect. The morphological data imply, on the other hand, that the collateral effects 

of intraocular microsurgery are mainly caused by the cavitation bubble dynamics, in particular by jet 

formation. Morphological damage by acoustic transients is undetectable at the level of the light 

microscopic studies conducted here. The damage range of the acoustic transients for functional cell 

damage is shorter than the maximum radius of the cavitation bubble (cf. 3.4.3). 

Further evidence of the leading role of cavitation bubble dynamics for tissue damage is provided 

by the fact that the damage range of single laser pulses focussed parallel to the cornea has the same 

energy dependence as the bubble radius: both are proportional to the cube root of the pulse energy. If the 

damage range were governed by the pressure amplitude of the acoustic transients, it would scale propor¬ 

tional to the square root of the pulse energy [Vog86, Vog88a, Noa98a]. Interestingly, the damage range 

for laser exposure directly on the cornea is, at low pulse energies, proportional to (Eabs)0A3, i.e., here the 

exponent is closer to the value expected for damage by acoustic transients. The reason may be that with 

these laser parameters deep craters are often created in the stroma (Figs. 7.3c and 7.4a). The crater for¬ 

mation hinders the lateral expansion of cavitation bubbles, but not the propagation of acoustic transients. 
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The physical parameters in terms of which the damage potential of the shock wave, cavitation 

bubble expansion, and jet formation can be assessed are the pressure exerted at any given time and the 

corresponding particle velocity. Table 7.2 lists the distance from the plasma at which similar pressures 

and particle velocities are encountered and the time intervals over which they operate for a 1 mJ, 6 ns 

pulse from the Continuum laser. Some of the entries in this table are measurement data from Chapters 3 

and 5 and some are calculations from the Gilmore model (cf 3.1). The pressure values given for the 

bubble expansion do not refer to the fluid pressure at the bubble wall, but to the pressure exerted by the 

bubble-induced radial flow on a fixed structure in the vicinity of the bubble. They were calculated using 

Eq. (5.5). The interaction time of the bubble flow with the fixed structure was taken to be the time 

interval after breakdown necessary for the bubble to expand out to this structure. 

The data in Table 7.2 support the results obtained from the morphological studies. They show 

that the jet can exert a high pressure and a high particle velocity at substantially larger distances from the 

plasma than the shock wave and the bubble expansion. The remote effects occur because the jet concen¬ 

trates the bubble energy at some distance from the application site (5.1.2). The jet impact affects the 

tissue for a short time similar to the shock wave duration, but the effect of the jet continues after the 

impact through a relatively long lasting flow with lower dynamic pressure. The jet can thus cause coarse 

tissue effects, including the removal of entire cells, while the shock wave effects are limited to a sub- 

cellular level (3.4.3). Shock waves can cause morphological changes at a large distance from the 

application site only through an interaction with gas bubbles, i.e., mediated by jet formation. Jet 

formation during gas bubble collapse concentrates the energy of the shock wave and its afterflow onto a 

small area of about 1/80 times the cross section of the gas bubble (6.3.2). 

Physical process Particle velocity 

(m/s) 
Pressure (Mpa) 

Distance from 

plasma (pm) 

Interaction time 

(ns) 

Shock wave 
100 170 160 60 
45 75 360 60 

Bubble expansion 
100 

45 
* 5 

* 1 

180 

220 
= 800 

= 2000 

Jet impact 100 75 800 10-40 

Jet flow < 100 <5 800 > 1000 

Table 7.2 Estimates of the distance from the laser plasma at which the shock wave, cavitation bubble expansion, 

and jet following a 1 mJ, 6 ns pulse yield similar values for the pressure or particle velocity. Also listed are the 

approximate times during which each process acts on the tissue. 
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When the laser is focused in the fluid near a tissue surface, the radius of action for the flow induced by 

cavitation bubble expansion is smaller than the damage range of the jet, because the expansion velocity of 

the bubble falls rapidly for geometrical reasons. The jet flow, in contrast, concentrates energy at a 

distance from the laser focus. The creation of tissue effects during optical breakdown within a 

homogeneous tissue, however, is dominated by the bubble expansion (see below, Section 7.2.7). 

The studies reported here are limited to morphological tissue damage, while functional tissue and 

cell changes have not been analyzed. If shocks rupture cellular membranes, damage cell organelles, and 

break bonds (3.4.3), these injuries on a subcellular level may lead to serious delayed cell damage owing 

to biological reinforcement effects. It is, therefore, conceivable that the damage range of the shock waves 

for functional cell damage is greater than observed with the techniques used here. This point is important, 

since acoustic transients cross the entire eye, while the effect of a cavitation bubble is limited to a region 

that does not significantly exceed the maximum bubble radius. However, the thresholds for functional cell 

damage by laser-induced shock waves reported by other authors [Dou93, Lee96, Dou96] are so high that 

they are surpassed only in the immediate neighborhood of the plasma, in a region which is considerably 

smaller than the maximum cavitation bubble radius. 

7.2.6 Incision of tissue with different laser pulse durations 

Figure 7.11 shows a comparison of the precision of incisions in tissue with nanosecond and 

picosecond laser pulses. When 30 ps, 50 pJ pulses were used, a clean 30-40 pm wide incision could be 

produced in Descemet's membrane (Fig. 7.1 la, c). The width of the incision is only slightly greater than 

the plasma diameter. In the neighborhood of the incision the endothelial cells are damaged out to a 

distance of about 130 pm. Nanosecond pulses with an energy of 1 mJ, on the other hand, ruptured the 

membrane along the incision and the damage range is about 400 pm (Fig. 7.1 lb, d). 

The ratio of the width of the damage zones for ns- and ps-pulses is about 3, while the ratio of the 

respective pulse energies is 20. This ratio corresponds to the fact, found in 7.2.4, that the damage range is 

proportional to the cube root of the laser pulse energy. The damage range is, for both pulse durations, 

about half as large as the radius of the fully expanded cavitation bubble. Bubble expansion is probably 

responsible for shearing off of endothelial cells, for denting the stromal lamellae under the incision, and 

for the rupturing of Descemet's membrane encountered with ns pulses. 

The tissue effects with ps pulses are finer than with ns pulses, owing both to the low pulse energy 

and to the low efficiency with which light energy is converted into mechanical energy (Chapter 4). 

Figure 7.12 shows that it is possible to produce tissue effects with picosecond pulses in the neighborhood 

of the breakdown threshold which almost exclusively affect the endothelium cells and have a radius of 

action of only 50 pm. 
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Fig. 7.12 A fine incision in the comeal endothelium produced by a 35 pJ, 30 ps pulse, (a) Scanning electron 

microscope picture, (b) semi-thin histologic section through the same lesion. The scale is 100 pm. 



TISSUE EFFECTS 183 

7.2.7 Laser focus in tissue 

7.2 7,1 Acoustic emission and bubble dynamics 

When the laser pulses are focussed into corneal tissue, both the acoustic emission (Fig. 7.13) and 

the cavitation bubble dynamics (Fig. 7.14) change relative to the dynamics in water. The amplitude of the 

shock wave generated by the plasma expansion is just as high in the cornea as in water; however, the rest 

of the acoustic signal is sharply different. In corneal tissue a rarefaction pulse follows the shock wave and 

the pressure peak from the bubble collapse is absent. Both phenomena can be explained by the changes 

in the bubble dynamics. The expansion of the bubble is strongly damped by the tissue and terminates 

after 3 ps [Vog94, Vog99a]. The maximum bubble size is, therefore, much smaller than in water and the 

bubble undergoes no oscillations. The bubble exists for about 30 minutes, and vanishes only through 

diffusion of its contents into the surrounding tissue. Since the bubble does not collapse, there is also no 

pressure pulse corresponding to a collapse. 

The shock wave produced by breakdown in water is followed by a long underpressure phase, 

which lasts until the pressure pulse from the bubble collapse (cf. 3.1.1 and [Kna71]). Since the amplitude 

of the underpressure (<0.1 MPa at the bubble wall) is much lower than the shock wave amplitude, the 

underpressure phase cannot be seen in Fig. 7.13. The reduced expansion time of the bubble in corneal 

tissue implies that the breakdown pulse is followed by a tensile stress wave instead of just an 

underpressure phase. The impulses J /?dt of the pressure and underpressure phases must always be equal 

but with opposite signs because of the conservation of momentum. With a reduced bubble oscillation 

time, this condition can only be fulfilled if the pressure wave is followed by a tensile stress wave. Hence, 

the acoustic signal acquires a bipolar character (Fig. 7.13). The amplitude of the tensile stress is about 1/3 

that of the preceding compression wave. It probably has a greater damage potential that the compression 

wave, since tissue is much more sensitive to tension than to pressure [Cum93, Par79], 
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Fig. 7.13 A comparison of the 

acoustic signals produced by 

focussing 300 pJ, 30 ps laser 

pulses in water and in cornea. 
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Fig. 7.14 Comparison of the cavitation bubble dynamics in corneal stroma (left) and water (right) following 300 p J, 

30 ps laser pulses. The laser light is incident from the right. The bubble in water was photographed 40 ps after the 

laser pulse, when it had expanded out to its maximum size. 

The damping of the bubble oscillations in cornea implies that, unlike in water, the acoustic signal 

cannot be heard after optical breakdown. The shock waves from the optical breakdown and from the 

bubble collapse are inaudible because their frequencies lie in the megahertz range and are, therefore, well 

above the limits for hearing at about 10 kHz. Only the underpressure or tensile stress wave emitted 

during the bubble oscillations has frequencies in the audible kilohertz range. In water, the rarefaction 

(underpressure) wave lasts about 100 ps, which corresponds to frequencies in the audible range of the 

acoustic spectrum. The tensile stress wave in corneal tissue, on the other hand, has a duration of less than 

1 ps, so the lower, audible frequencies are lost. 

7.2.7.2 Morphology and damage range 

Although the bubble expansion comes to a halt already within 3 ps, the bubble in corneal tissue is 

substantially larger than the volume of the laser plasma (Fig. 7.14). Even 2 min after optical breakdown, 

the volume of the bubble is still about 10 times that of the plasma. The irregular lobed shape of the 

bubble immediately following breakdown suggests a separation of the corneal lamellae owing to the high 

pressure inside the expanding bubble. The surface of the bubble becomes smooth within a few seconds to 

minutes following laser exposure. Lobed bubble shapes are not seen in histological sections (Fig. 7.15), 

since fixation of the tissue requires a longer time. 
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Fig. 7.15 Histological section 

through an intrastromal bubble 

produced by an 80 pJ, 30 ps pulse. 

The collagen lamellae in the 

neighborhood of the bubble are 

deformed. The arrow points to 

endothelial damage. The distance 

between the laser focus and the 

endothelium was 130 pm. 

Figure 7.15 shows a histological cross section through an intrastromal bubble with a diameter of 

60 pm produced by an 80 pJ, 30 ps pulse. The distance between the laser focus and the corneal 

endothelium was 130 pm. The collagen lamellae in the neighborhood of the bubble are highly deformed 

and obviously displaced laterally during expansion of the bubble (cf. Fig. 7.4a, as well). The endothelium 

under the region affected by the laser is damaged and one can see that some cells are missing. For a pulse 

energy of 80 pJ, endothelial damage sets in when the distance between the laser focus and the 

endothelium is less than 150 pm. When the laser pulse was focussed in the anterior corneal section or in 

the middle of the cornea, the endothelium remained intact. The damage to the endothelium was probably 

caused by stretching of the endothelium during expansion of the bubble. It may also be due to a direct 

interaction with the laser light (see the long plasma spike in Fig. 7.14 at t = 3 ps) or the partial reflection 

of the shock wave at the cornea-aqueous humor interface, which would produce a tensile stress wave, 

since the acoustic impedance of the cornea is greater than that of the aqueous humor. 

The laser effects produced when laser beams are focussed into tissue differ substantially from 

those which occur when the focus is at a thin membrane or at a tissue surface. If breakdown occurs at a 

tissue surface, tissue is vaporized through the plasma formation, but the cavitation bubble expansion 

mostly pushes the surrounding fluid away and induces only moderate additional tissue effects. Inside a 

tissue, on the other hand, the effect of the bubble dynamics predominates and a large cavity is produced 

which is much more extensive than the volume of vaporized tissue. 
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As a consequence of the resistance of the tissue against the bubble expansion, the bubble does not 

grow to the same size as it would in a tree liquid or at a tissue surface. Thus, the adiabatic cooling during 

bubble expansion is not as strong, and this might lead to a thicker thermal damage zone at the edge of the 

region affected by the laser. The polarization microscopic picture in Fig. 7.16 shows, however, that the 

thermal damage zone is, still, at most only 2.5 jam thick and that only very slight collagen changes have 

taken place. This assessment is consistent with the electron microscopic picture in Fig. 7.5. 

Fig. 7.16 Polarization microscopic picture of a section through an intrastromal corneal lesion produced by a 25 pJ, 

45 ps pulse, stained with sirius red. The bright rim of the bubble suggests slight thermal collagen changes, at which 

more binding sites for the sirius red dye molecules were created, but the fibrous collagen structure is still intact. 

Tshe birefringence is enhanced, since the dye molecules are aligned parallel to the collagen molecules [Asi96], The 

thermally altered zone is, at most, 2.5 pm thick. 

7.2 7.3 Vaporization of intrastromal tissue 

In order to analyze the possible extent of vaporization of intrastromal tissue for refractive corneal 

surgery, a series of pulses with a 1000 Hz repetition rate was applied, with the focus being moved 

laterally from shot to shot. Figure 7.17 shows a top view of the intrastromal bubble layers produced with 

different lateral displacement of the focus. For small displacements in the range of 5-20 pm, the 

appearance of the layer is largely independent of the displacement, because plasma formation is affected 

by the bubbles produced previously. Laser pulses focussed into a bubble cannot produce a plasma and 

vaporize tissue, because the threshold for optical breakdown in gases is substantially higher than in tissue. 

(The breakdown threshold for the 45 ps pulses of the ISL 2001 laser is about 20 pJ in cornea and 400 pJ 

in air). Thus, the laser pulses can contribute to the vaporization of tissue only when the lateral separation 

of the pulses in the application pattern exceeds the radius of the intrastromal bubbles. The bubble radius 
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5 pm 10 pm 15 pm 20 pm 

Fig. 7.17 Views of intrastromal bubble layers produced by 25 pJ, 45 ps pulses with 5-20 pm lateral distance 

between the application sites of subsequent laser pulses. The scale is 250 pm. 

for a 25 pJ pulse is, 1 s after the laser pulse, still about 15-20 pm, (not illustrated). After a time interval 

of only 1 ms corresponding to a 1000 Hz repetition rate, it is even larger [Juh94]. The large bubble radius 

explains why the laser effects for focal distances of 5, 10, 15, or 20 pm seem to be very similar, since in 

all cases this distance is smaller than the bubble radius. 

With this knowledge, we can estimate how much tissue will be vaporized when a series of pico¬ 

second pulses is applied. In order to obtain an upper bound estimate of the amount of vaporized tissue, 

we assume that every pulse produces a plasma. Photographs of the plasmas show that they are about 30 

pm long and have a diameter of 7 pm for 30 pJ pulse energy [Vog97c]. The gaps between the plasmas 

caused by bubble formation will be taken into account by assuming that the lateral distance between the 

plasma centers is 15 pm. This assumption implies that only 17.1% of the 30 pm thick layer within which 

the plasmas will be produced is vaporized. The layer of vaporized tissue is, hence, only 5.1 pm thick. 

It might be objected that this calculation underestimates the amount of vaporized tissue, since 

tissue outside the plasma volume will also be vaporized through heat conduction. Although the 

appearance of the lesions suggests that heat conduction from the plasma into the surrounding medium 

plays almost no role (Figs. 7.5 and 7.16), the above result was checked by a second, independent estimate 

that relies on the energy balance of the ablation process. Figure 2.18 implies that about 10% of the laser 

light is absorbed in the plasma near the threshold for plasma production. With a separation of 15 pm 

from pulse to pulse, 4444 pulses/mm2 are applied to the tissue, and a total energy of 11.1 mJ/mm2 is 
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deposited if the pulse energy is 25 pJ and 10% of the incident energy are absorbed. Since the 

vaporization energy of water at body temperature is 2.5 J/mm3, a 4.4-pm-thick layer can be vaporized by 

the deposited energy. This estimate is, in fact an upper bound for the amount of vaporized tissue, since it 

is based on the assumptions that (i) every pulse causes plasma formation and (ii) all the absorbed energy 

contributes to vaporization. It has been neglected that a portion of the energy is consumed for the 

mechanical processes of shock wave and bubble formation and is, therefore, unavailable for vaporization. 

The result of the second estimate (4.4 pm thickness of the vaporized layer) is in good agreement with the 

outcome of the first calculation (5.1 pm). On the basis of histological studies, other authors have, 

likewise, concluded that only small amounts of the intrastromal material are vaporized [Bro94, Kru96]. 

In order to increase the amount of vaporized material, one can either use higher pulse energies or 

apply the laser pulses in several layers. However, Figs. 7.18 through 7.20 show that both strategies yield 

only a small increase in the amount of vaporized tissue. Raising the energy by a factor of 10 merely leads 

to a doubling of the thickness of the bubble layer (Figs. 7.18 and 7.19). If the thickness of the intrastro¬ 

mal bubble layer represents the amount of vaporized tissue, this also means that the volume of vaporized 

tissue is merely doubled and now corresponds to a layer thickness of 10 pm. The reason for the small 

increase in the vaporization of the tissue is that the bubbles produced by a single pulse become larger as 

the pulse energy is raised, so that an increasing number of laser pulses will be focussed into previously 

created bubbles. Therefore, an increasing fraction of the applied energy is unavailable for vaporization. 

Fig. 7.18 Side view of corneal specimens with intrastromal bubble layers produced by different pulse energies. The 

laser light is incident from the right. The pulses were applied in a rectangular pattern of 2 mm height and 0.5 mm 

width. The lateral distance between pulses in the rectangular pattern was 15 pm. The scale length is 250 pm. 
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Laser pulse energy / pJ 

Fig. 7.19 Thickness of the intrastromal 

bubble layer created by 45 ps pulses as 

a function of the laser pulse energy. 

A similar effect occurred if, instead of a single pulse layer, multiple layers were applied (Fig. 

7.20). The bubble layer produced by the first layer of laser pulses with 25pJ pulse energy is already 

100 pm thick (see Fig. 7.19). If the distance between the layers is 10 pm (Fig. 7.20a), all the later pulses 

will thus be focussed into the first bubble layer and produce only slight additional vaporization, even 

though the laser pulses of the fifth layer are focused 50 pm above the first layer. For 35 pJ pulse energy, 

the bubble layer thickness increases by a factor of 1.5. A distance between successive layers of 30 pm 

(Fig. 7.20b), leads to an almost linear dependence of the bubble layer thickness on the number of layers, 

but this dependence is very weak. Five laser pulse layers only vaporize 1.5 times as much tissue as a 

single layer. The total thickness of the vaporized tissue layer still amounts to no more than 7.5 pm. More 

layers cannot be applied without risking damage to the corneal endothelium or epithelium, since, with 

five layers, the bubbles are already spread over half the thickness of the cornea.. 

On comparing the maximum possible thickness of a vaporized tissue layer (about 10 pm) 

with the thickness of the human cornea (about 520 pm on the average [Mau84]), one can see that only a 

small fraction of the material can be vaporized by plasma-induced effects within the tissue and the laser 

effects mainly cause mechanical deformations of the tissue structure. This problem is not encountered in 

plasma-mediated ablation at a tissue surface in air, since there the ablated material can leave the 

application site without hindrance. The relative amount of vaporized tissue would even be smaller if 

nanosecond pulses were used instead of the picosecond pulses studied here, since the fraction of the laser 

energy that is converted into mechanical energy is greater with nanosecond pulses (see Chapter 4). For 

femtosecond pulses, on the other hand, it is smaller, since a large part of the laser energy is converted into 

the energy of vaporization (Chapter 8). Femtosecond pulses are, therefore, the best choice for intrastromal 

tissue vaporization. 
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Number of layers 

1 2 3 4 5 

Distance 

between 

layers 

0*m] 

Pulse 

energy 

(pm) 

a b (pm) 

10 25 0.22 + 0.17 99 ± 6 

10 35 1.83 ±0.30 81 ± 10 

30 25 0.54 ±0.16 118 ± 16 

30 35 0.65 ±0.06 181 ± 6 

Number of layers 

1 2 3 4 5 

Fig. 7.20 Thickness of the bubble layer as a function 

of the number of and distance between layers to 

which ps pulses with different energies were applied. 

The pulse duration was 45 ps. The upper axis 

indicates the number of layers and the lower axis 

gives the overall depth of ablation set at the control 

panel of the ISL laser system, (a) Layer separation 

10 pm, (b) Layer separation 30 pm. The Table lists 

the parameters for the line h=ad+b fitted through the 

measurement data in (a) and (b) (with standard 

errors). 
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7.3 Summary and clinical consequences 

The primary cutting mechanism during photodisruption is the vaporization of tissue owing to the 

high temperature of the laser plasma. The volume of vaporized material corresponds roughly to the 

plasma volume. 

Because of the explosive expansion of the plasma, disruptive effects will occur in addition to the 

vaporization of tissue. In the immediate vicinity of the plasma, the effects of the shock wave and 

cavitation bubble expansion can hardly be distinguished, but at a somewhat larger distance the cavitation 

effects unequivocally predominate in the creation of morphologically identifiable tissue alterations. 

The effects of the plasma and bubble expansion depend strongly on whether the plasma is pro¬ 

duced deep inside or at the surface of a tissue. When the laser pulse is focussed into the corneal stroma, 

the plasma is entirely surrounded by tissue and all deposited energy above the threshold of vaporization 

acts to deform the surrounding tissue. As a result, an intrastromal cavity develops with 60 times the 

volume of the plasma. When the laser pulse is focussed onto the back surface of the cornea, the bulk of 

the deposited energy is imparted to the surrounding fluid in the anterior chamber during plasma expan¬ 

sion, and the hole created in the tissue is only slightly greater than the diameter of the laser focus. 

However, the inertial confinement of the vaporized material by the surrounding fluid causes a distinct 

indentation of the tissue surface during the expansion of the cavitation bubble that is further enlarged by 

the jet impact during bubble collapse. Neither effect is observed for plasma aided ablation into air, where 

the plasma is not confined and only the recoil of the ablated material produces a pressure against the 

tissue surface. 

Although the primary laser effect consists of the vaporization of tissue within the plasma volume 

and is, thereby, thermal in nature, the collateral tissue effects are almost exclusively mechanical. Because 

of the sharp plasma boundary and the short time available for heat conduction, the thermally modified 

zone is less than 0.2 pm thick when a laser pulse is focussed on a tissue surface. On focussing a pulse into 

the corneal stroma, slight thermal changes have been observed up to a maximum depth of 2.5 pm. 

The damage range of laser pulses focussed into the fluid in the neighborhood of the corneal 

endothelium is proportional to the cube root of the laser pulse energy, i.e., it has the same energy 

dependence as the cavitation bubble radius. The morphological appearance of laser-induced lesions 

suggests that they are partially created by the flow during bubble expansion, but primarily by jet 

formation during bubble collapse, which concentrates a large part of the bubble energy onto a small area. 

The damage caused by the Jet is due partly to the high pressure caused by the jet impact on the cornea 

which can create holes in Descemet's membrane, and partly to the shearing forces acting on the 

endothelial cells as the jet flows radially outward from the point where it is incident. The jet is especially 

pronounced when a bubble is produced near a single rigid or elastic boundary. In clinical situations, 
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many boundaries are often present near the bubble. Presence of many boundaries lowers the degree of 

asymmetry in the surroundings of the bubble and thus reduces the tendency to form jets, because jet 

formation requires asymmetric boundary conditions. For the strongly asymmetric boundary conditions 

studied in this work, the maximum damage radius for a single laser pulse was roughly 1.2 times the 

maximum bubble radius. It was, for example, 0.8 mm after a 4 mJ laser pulse. 

The physical mechanism with the longest damage radius is the jet formation occurring when a gas 

bubble created by a previous laser pulse is hit by a shock wave produced by a later pulse. The damage 

range of a 4 mJ pulse focussed in the neighborhood of a gas bubble attached to the corneal endothelium 

was between 2.0 and 3.5 mm, depending on the size of the gas bubble. Shock-induced jet formation is 

much less dependent on the specific boundary conditions than is jet formation at a solid boundary. This 

damage mechanism is, therefore, of great clinical significance, both for laser surgery in the anterior 

segment of the eye and for laser applications in the neighborhood of the retina. 

The side effects of photodisruption can be considerably reduced by using shorter laser pulses. 

The threshold for optical breakdown is lower for shorter pulse lengths, so that pulses with lower energies 

can be applied. In addition, the fraction of the laser energy converted into mechanical energy is lower for 

short pulses. Clean incisions could be made in Descemet's membrane with 30 ps, 50 pJ pulses, while 6 ns, 

1 mJ pulses ruptured the tissue along the cut and had three times the damage radius. 

Intraocular photodisruption is better suited to cutting than to vaporizing large volumes of tissue. 

Picosecond pulses can certainly produce intrastromal effects without endothelial or epithelial damage, as 

required for intrastromal photorefractive surgery, but, because of cavitation effects in the corneal stroma, 

the maximum thickness of the tissue layer that can be vaporized is 10 pm. The removal of a lenticule of 

this thickness corresponds to a refractive change of only 0.85 diopters for a treatment zone with 6 mm 

diameter [Vog97c] and that is not enough for refractive surgery. 
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8 From nano- to femtosecond pulses 

In recent years it has become significantly easier to create subpicosecond pulses with energies 

high enough for microsurgical applications. Prerequisites were new solid-state laser media with large 

bandwidths (for example, Ti:sapphire), passive mode locking using self-focussing effects in the laser 

crystal (Kerr-1 ens mode locking), amplification of pulses after pulse stretching using group velocity 

dispersion followed by compression of the amplified pulse (chirped pulse amplification), and regenerative 

amplifiers with gains of up to 10u. State of the art systems permit the generation of energetic (>1 mJ), 

high repetition rate (>1 kHz) femtosecond pulses with tabletop laser systems [Spi95, Mou98]. Further 

reductions in the size of these systems are possible with the use of laser diodes as pump sources [Aus98], 

the development of laser oscillators with dispersive mirrors [Spi95], the development of parametric 

amplifiers which reach pulse energies of up to 1 mJ in a single pass [Gal98], and the development of 

compact pulse compression systems [Squ98]. It should, therefore, be possible to employ femtosecond 

lasers in industrial or clinical applications within the foreseeable future. 

The availability of compact femtosecond lasers raises the question of whether the observed trend 

toward a reduction in the disruptive character of optical breakdown with shorter pulses continues also in 

the subpicosecond range of pulse durations. For applications in which the disruptive character of the 

breakdown is used, it is, on the other hand, interesting to know whether the severity of the mechanical 

effects further increases as the pulse length is increased above 6 ns. In order to address these questions, 

we review the physical mechanisms for optical breakdown with pulse durations ranging from 80 ns to 

100 fs (i. e., over 6 orders of magnitude) [Vog98d]. 

In order to cover this large parameter range, the experimental procedure used for determining the 

shock wave pressure was modified. The shock pressure ps(r) will no longer be determined as a function 

of distance from the source center from a series of framing photographs with different time delays relative 

to the laser pulse (as described in Chapter 3.1.7), but rather with the aid of a single streak photograph 

which records the entire path rs(t) of the shock wave propagation [Noa98b]. This streak photo, just as the 

series of framing pictures, is used to determine the shock speed us and shock pressure ps as a function of 

propagation distance r. 
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8.1 Experimental techniques 

The experimental apparatus for producing and observing laser-induced breakdown with pulse 

durations between 80 ns and 100 fs is shown in Fig. 8.1. The laser pulses were produced by an alexan¬ 

drite laser (zL = 76 ns. Light Age Inc.), an Nd:YAG laser (zL = 6 ns, Continuum YG 671-10), and an 

Nd:YAG laser pumped dye laser system (ujr = 60 ps, 3 ps, 300 fs, and 100 fs, Spectra Physics). The laser 

beam was, as described in Chapter 2.2, expanded, collimated, and focussed into a cell containing distilled 

water with a contact lens built into its wall in order to avoid spherical aberrations. Since the risk of dam¬ 

age to the contact lens was very high with the 76 ns pulses because of the high pulse energies required for 

breakdown, the contact lens was replaced for this pulse length by a planoconvex lens (f = 100 mm in air). 

The use of a planoconvex lens led to increased spherical aberrations and a larger focal diameter. 

Fig. 8.1 Experimental apparatus for simultaneous streak and single frame photography of events during optical 

breakdown [Noa98c]. 

The focal angles and focal spot diameters were determined using a knife edge technique. They 

are summarized in Table 8.1 in Section 8.2.1. The pulse energy incident on the cuvette and the energy 

transmitted within the focal angle were measured with the calibrated pyroelectric detectors EDi and ED2. 

The optical breakdown threshold for pulse durations > 60 ps was determined using the plasma radiation 

as a breakdown criterion. For pulse durations of 3 ps or less, no plasma radiation was visible, so that the 

development of a cavitation bubble in the focal region of the laser served as a criterion for breakdown. 

The sequence of events during optical breakdown was recorded simultaneously with streak 

photography and normal photography [Noa98b, Noa98c]. A two stage optical system was used. First, 

the object volume was imaged with an objective optimized for a magnification of 8 times (Li, EL Nikkor 
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63 mm, F- 4) onto an intermediate image plane. There a highly reflecting coated glass substrate with a 

20 pm wide slit in the coating was positioned at an angle of 45°. The light transmitted through the slit 

was imaged by a macro-objective (L2, Nikon 105/5.6) onto the photocathode of a streak camera (Hadland 

Photonics, Imacon 792). The reflected picture was imaged onto the film plane of a 35 mm miniature 

camera with another objective (L3, Pentax 50/1.8). In the pictures one can see the breakdown region 

together with the position of the streak slit which appears as a dark line. This allows the position of the 

streak slit relative to the plasma to be monitored. The overall magnification was varied between 1 lx and 

45x for the framing photographs and between 16x and 73x for the streak photographs. The higher 

magnifications were used to photograph the breakdown with ultrashort laser pulses and low pulse 

energies. The time resolution of the streak photographs was better than 200 ps in all cases and the spatial 

resolution was 6.4 pm for the lowest overall magnification and 3 pm for magnifications exceeding 

30 times. 

The streak photographs were illuminated by pulses from a flashlamp pumped dye laser 

(k - 630 nm), out of which constant-intensity segments lasting 200-400 ns were cut by means of an 

external Pockels cell. The illumination was coupled into a glass fiber with 300 pm core diameter and a 

length of several meters whose distal end was imaged onto the object volume. In this way, spatially and 

temporally uniform illumination could be obtained. The framing pictures were taken with illumination by 

another dye laser with a pulse duration of < 1 ns. In the experiments with 6 ns and 30 ps pulses, a part of 

the pulse used to produce the optical breakdown was frequency doubled, optically delayed, and used for 

illumination (cf. 3.2.1). The two illumination beam paths were combined in front of the cell using a 

dichroic mirror and separated behind the cell for streak and framing photography by means of a suitable 

bandpass filter (BP for 630 nm) and a short pass filter (SP). 

Digital image processing was used to determine the position rs of the shock wave as a function of 

time t from the streak photographs [Noa98a, Noa98b]. The shock velocity was calculated by 

differentiating the rs(t) curves and, as described in Section 3.1.7, it was used to determine the shock 

pressure ps(r) as a function of distance from the emission center. 

Besides the streak photographic studies of shock wave formation in the near field, the shock 

pressure was measured at a distance of 12 mm from the plasma with a calibrated hydrophone (Ceram) 

(cf. 3.2.2). The size of the cavitation bubble produced by the breakdown was also determined from the 

hydrophone signal (cf. 3.2.3). 
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8.2 Results and Discussion 

8.2.1 Plasma formation at the breakdown threshold 

During optical breakdown of a medium a large number (> 1018 cm'3) of free electrons are 

produced through multiphoton ionization and cascade ionization via inverse bremsstrahlung absorption 

(cf. Section 2.1). The multiphoton ionization rate has a very strong intensity dependence (« IK, where 

K is the number of photons required for ionization), while the intensity dependence of the cascade 

ionization rate is much weaker (<* /, if electron losses from the focal volume are neglected). If the laser 

pulse duration is reduced, a higher intensity is necessary in order for optical breakdown to take place 

within the shorter time available. Since the rate of multiphoton ionization rises more rapidly with I than 

that of cascade ionization, multiphoton ionization becomes ever more important for short pulse lengths. 

For pulse lengths under ~1 ps, cascade ionization is, furthermore, subject to temporal constraints. Each 

impact ionization in the cascade must be preceded by a few collisions between electrons and heavy 

particles, during which the electron energy increases as a result of inverse bremsstrahlung. Multiphoton 

ionization, in contrast, can take place "instantaneously." The changes in the relationship between 

multiphoton ionization, cascade ionization, and the recombination of free electrons are the fundamental 

reason for the changes in optical breakdown as the laser pulse duration is reduced. 

The evolution of the free electron density during the laser pulse is described by the rate equation 

(see Eq. (2.6)) 

^ case P~ SP~^lrec P • (8-1) 

Here the first two terms represent the creation of free electrons by multiphoton and cascade ionization, 

and the last two the losses of electrons through diffusion out of the focal volume and recombination. 

Explicit expressions for these terms are given in Section 2.1.4. The threshold for optical breakdown is 

defined as the minimum irradiance for which a critical electron density pcr is exceeded during the laser 

pulse. It was determined by solving Eq. (8.1) iteratively for different irradiances. 

Table 8.1 lists the experimental breakdown thresholds (50% breakdown probability) for different 

pulse lengths together with the calculated thresholds 7ra,efor two values of the critical electron density pcr 

[Noa98a, Noa99]. There is good agreement between the experimental and calculated threshold values if it 

is assumed that pcr = 1020cm-3 for nanosecond pulses and pcr = 1021 cm-3 for pico- and femtosecond 

pulses. 
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Pulse 

duration 

Wavelength 

[nm] ® 

Measured 

focal spot 

diameter 

[pm] 

M 

Ftk 

[J cm"2] 

4 

[1011 Wcm'2] 

Kate 
pcr = 1020cm-3 

[10n Wcm"2] 

Kate 
pcr = 1021cm“3 

[1011 Wcm"2] 

76 ns 750 19 20 5500 1750 0.23 0.22 1.9 
6 ns 532 22 5.3 39 174 0.29 0.40 3.6 

60 ps 532 13 5.6 4.1 16.8 2.8 0.60 3.6 
30 ps 532 22 3.4 1.0 11.3 3.8 0.93 3.6 

3 ps 580 16 5.0 0.51 2.6 8.5 7.10 9.0 

300 fs 580 16 5.0 0.29 1.4 47.6 39.0 48 

100 fs 580 16 4.4 0.17 1.1 111.0 77.0 98 

Table 8.1 Measured breakdown thresholds E(h, F(h and I(h and calculated threshold Imle as functions of the pulse 

duration for different critical electron densities pcr . 

Solving Eq. (8,1) numerically yields the time evolution of the electron density and thus provides a 

deeper understanding of the changes of the breakdown process with pulse duration [Noa99], For a 

discussion of these changes, Fig. 8.2 shows the time evolution of the electron density for different pulse 

lengths and Fig. 8.3 shows the threshold Irate as a function of the pulse duration for two different 

wavelengths. 

Fig. 8.2 Time evolution of the free electron 

V density at the breakdown threshold for 

different laser pulse durations T^. All the 

curves were calculated for X = 580 nm, a 6 pm 

“ focal spot diameter, and pcr = 1020cm-3. A 

l; gaussian laser pulse with a maximum at t=0 

J was assumed. 

1.0 

Fig. 8.3 Intensity threshold Irate as a function 

of the laser pulse duration calculated for 

X = 1064 nm and X = 580 nm (6 pm focal spot 

diameter, pcr = 1020cm-3 ). 

10“ 

10“ 

10K 

76 ns 6 ns 

101U ✓ 

100 fs 

3 ps / 
: ^ x 
y9 / 
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10° 
-1.0 -0.5 0.0 0.5 

t / Tl 
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In pure media, such as distilled water, the initial electrons for the breakdown cascade are 

provided by multiphoton ionization. Therefore, the cascade term in Eq. (8.1) is first taken into account 

when the probability that a free electron exists in the focal volume has risen to 50% owing to multiphoton 

ionization. This takes longer for the nanosecond pulses than for the shorter pulses, because the 

multiphoton ionization rate rfmp is here relatively low for the intensity corresponding to the optical 

breakdown threshold. As soon as the first free electron is created in the focal volume, the electron density 

rises by almost 11 orders of magnitude within a small fraction of the laser pulse duration as a result of the 

now active cascade ionization (Fig. 8.2; 76 ns, 6 ns). The cascade ionization rate is very high, since a 

high irradiance is required to produce the seed electrons by multiphoton ionization. The rise in the free 

electron density is slowed at high electron densities by the rapidly rising influence of recombination 

(«= p ). For all pulse durations such that the ionization cascade can take place within a small fraction of 

the laser pulse duration, the maximum electron density is reached at the intensity peak of the pulse and is 

determined by the recombination term. Since the recombination rate is independent of pulse duration, 

Irate is approximately constant within this range of pulse durations (Fig. 8.3). 

For a laser pulse length of about 1 ns, the entire pulse duration is required to reach pcr. For 

shorter pulses, the irradiance must therefore be raised for the critical electron density to be reached during 

the laser pulse. Because of the higher irradiance, the cascade ionization rate is now greater than the 

recombination losses during most of the laser pulse, i.e. even after the intensity maximum. For a 60 ps 

pulse, pcr is, therefore, first reached in the second half of the laser pulse (Fig. 8.2;60 ps). 

While for nanosecond pulses multiphoton ionization provides only seed electrons for the 

ionization cascade, it becomes ever more important for shorter laser pulse durations where the irradiance 

required for breakdown is higher. For pulse lengths around 1 ps and below, multiphoton ionization not 

only produces a large number of seed electrons, but also contributes significantly to the breakdown 

process afterward. This contribution is especially marked during the first half of the laser pulse [Noa99]. 

For pulse durations less than about 1 ps, the critical electron density can no longer be reached by cascade 

ionization alone, because a doubling in the ionization cascade takes at least 6 fs no matter how high the 

irradiance may be, and may take 30 fs (see Section 2.1.1.2 and [Ken95a,Noa99]). Nevertheless, the 

majority of the free electrons are produced by cascade ionization for all laser pulse durations studied here, 

because the cascade starts to dominate once a certain number of free electrons has been produced by 

multiphoton ionization. Multiphoton ionization predominates only for pulse lengths shorter than 40 fs 

[Stu96, Fen97, Noa99]. 

The wavelength dependence of the breakdown threshold (cf. Fig. 8.3) is dominated by the 

wavelength dependence for multiphoton ionization (Eq. (2.9)) for pulse lengths >100 ps. For long pulse 
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durations the production of seed electrons by multiphoton ionization is the decisive hurdle in the 

breakdown process (Im > Ic). Therefore, the breakdown threshold is higher for 1064 nm than for 580 nm. 

For pulses lasting less than 10 ps, in contrast, the wavelength dependence of the breakdown threshold is 

governed by the wavelength dependence for cascade ionization (Eq. (2.13)) because h >Im- Therefore, 

the threshold is higher for 580 nm. 

8.2.2 Plasma formation above the breakdown threshold 

If the irradiance exceeds the threshold for optical breakdown, plasma formation is no longer 

confined to the focal region. With ns- and ps-pulses, plasma formation begins in the beam waist and the 

plasma then expands toward the incident laser light (cf. 2.1.6). Hardly any plasma develops behind the 

laser focus, since most of the laser light is already absorbed prior to and in the beam waist. The position 

of the plasma front at each time is defined by the I = Ith iso-intensity contours. The maximum attainable 

plasma length is proportional to 1 for ps-pulses, where p = E/Eth- I/Ith (cf. 2.3.2.3). With ns- 

pulses, the threshold falls to a value I'th < Ith, as soon as plasma formation has begun, since the 

UV radiation generated by the plasma creates free electrons which makes the creation of seed electrons 

by multiphoton ionization superfluous. The position of the plasma front is, therefore, determined by 

contours with I = I'h and ns-plasmas are substantially longer than ps-plasmas with the same p. This 

situation holds especially for large focal angles and energies near the breakdown threshold; for 0 = 22° 

and small p, the ns-plasmas are up to 6 times longer than the ps-plasmas (cf. 2.3.2.3). 

For fs-plasmas, the plasma length observed above the breakdown threshold is considerably longer 

than the length of the laser pulse (30 pm for a 100 fs pulse). The long plasma length indicates that plasma 

formation begins before the pulse reaches the laser focus. The plasma front moves with the laser pulse 

toward the focus, so that free electrons remain in its wake. This is in contrast to ps- and ns-breakdown 

where the pulse is much longer than the plasma and the plasma front moves from the focus towards the 

incoming beam. The plasma length for fs-pulses is proportional to <Jp-1, as for ps-pulses, even though 

the plasma front moves in opposite direction [Noa98a]. In both cases, the maximum extent of the plasma 

on the laser side is determined by the distance from the beam waist at which the threshold Ith is exceeded 

for the given p. 

For all laser pulse durations, the energy density in the breakdown region is limited by the growth 

of the plasma during the laser pulse. A higher pulse energy leads to a larger plasma, but not to an 

increase of the energy density within the plasma. For ns- and ps-pulses, the focal region is shielded by the 

growth of the plasma in the direction of the incident laser light. For fs-pulses, plasma formation begins in 

front of the beam waist, and as the laser pulse moves toward the focus, the intensity rise owing to 
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focussing competes with the attenuation of the light by multiphoton absorption and inverse 

bremsstrahlung absorption. This attenuation limits the average energy density in the focal region, as in 

the case of long pulses. Only if self-focusing comes into play, can the energy distribution be considerably 

modified and filaments with higher energy density may be formed (cf. 8.2.5). 

8.2.3 Energy deposition and absorption coefficient 

It was shown in section 2.3.3 that scattering and reflection on the plasma during optical 

breakdown in water with 6 ns and 30 ps pulses can be neglected in the first approximation. The 

absorption is thus given by A ~ 1 - T. In the following, it will be assumed that this approximation is also 

true for shorter laser pulses. Measurements of the transmission are then sufficient to determine the 

amount of energy absorbed in the breakdown region. 

Figure 8.4 shows the transmission for two values of p as a function of the laser pulse duration 

[Noa99]. The transmission increases by roughly a factor of 10 as the pulse is shortened from the 

nanosecond to the picosecond range but decreases again in the femtosecond range. A similar observation 

has been made by Hammer, et al. (1997). 

Fig. 8.4 Plasma transmission as a 

function of laser pulse duration for 

p - 6 and p - 60. The laser 

parameters correspond to those 

from Table 8.1. 

The strong dependence of the transmission on the laser pulse duration can be explained by taking 

into account that the measured values of the transmission are an average over the entire duration of the 

laser pulse. One must consider the entire time evolution of the electron density during the laser pulse and 

not just the maximum electron density. The time averaged absorption coefficient aUB in the neigh¬ 

borhood of the threshold is obtained from the inverse bremsstrahlung scattering cross section aa [Fei74] 

and the time evolution of the free electron density p (?) (Eq. (8.1)) with 

jm pm 
“7wT «LIB = <T (8.2) 
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The calculated dependence of aUB on the pulse duration is shown in Fig. 8.5. The absorption coefficient 

is highest for nanosecond pulses (800 cm"1), since here the electron density is very high thoughout the 

entire laser pulse (see Fig. 8.2; 76 ns, 6 ns). Since the time evolution is similar for all pulse durations 

between 1 ns and 100 ns, the absorption coefficient is roughly constant within this interval. For pulse 

durations <1 ns, a high electron density occurs only in the second half of the laser pulse (Fig. 8.2; 60 ps, 

3 ps). As a consequence, the average absorption coefficient decreases until it reaches a minimum of 

150 cm"1 at pulse lengths around 3 ps. With shorter pulses, the increasing multiphoton ionization leads to 

a rise in the electron density at the beginning of the laser pulse (Fig. 8.2; 100 fs) and, thereby, also to a 

rise in the average absorption coefficient. 

Fig. 8.5 Calculated absorption 

coefficients of laser induced 

plasmas at the optical breakdown 

threshold for a critical electron 

density of 1020 cm'3 (6 pm focal 

spot diameter and 580 nm 

wavelength). 

The dependence of aLIB on pulse duration in Fig. 8.5 is in good qualitative agreement with the 

variation in the experimentally determined transmission in Fig. 8.4. The absolute magnitudes of the 

calculated absorption coefficients for ps and ns pulses are, however, about a factor of 3 larger than the 

experimental values of ~ 70 cm"1 and ~ 250 cm"1, respectively, determined from the plasma transmission 

and plasma length at 1064 nm (cf. Section 2.33.1). The difference is partly caused by the fact that the 

experimental values also include light transmitted around the plasma, so they are lower than the actual 

absorption coefficients of the plasma. The actual electron density in the plasma may also be somewhat 

lower than that assumed for calculating aLIB . 

8.2.4 Mechanical effects 

8.2,4.1 Shock waves and cavitation 

Figure 8.6 illustrates the appearance of optical breakdown for different laser pulse durations. 

With the ns pulses, shock wave production and bubble expansion begin in the beam waist and continue 

toward the incoming laser beam, following the spatial development of plasma formation. With 30 ps 
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pulses, the detachment of the shock from the plasma seems to occur simultaneously everywhere, because 

the pulse duration is much shorter than the time constants for shock propagation and bubble oscillation. 

With the 100 fs pulses, no plasma radiation can be seen, as opposed to the case of the longer pulses. The 

region within which optical breakdown took place becomes visible only through the formation of a 

cavitation bubble. The shape of the bubble immediately after the end of the laser pulse (a cone with a 

filamentous tip) suggests that breakdown was accompanied by self-focussing. 

Fig. 8.6 Shock wave formation and cavitation bubble expansion after optical breakdown with different laser pulse 

durations, (a) Pulse duration xL = 76 ns, wavelength X = 750 nm, focal angle 0 = 19°, E = 50 mJ, p - 9. The 

picture was taken 120 ns after optical breakdown. The black line is from the slit through which part of the light was 

transmitted for simultaneous streak photography, (b) xL = 6 ns, X = 1064 nm, 0 = 22°, E = 8,2 mJ, p = 60, At = 10 

ns. (c) xL = 30 ps, X = 1064 nm, 0 = 14°,£ = 740 pJ, p = 150, 8 ns. (d) xL = 100 fs, X = 580 nm, 0 = 16°, E = 

35 pJ, p - 200, At - 3ns. The light was incident from the right and the scales correspond to 100 pm. 

Table 8.2 gives an overview of the pulse duration dependence of the shock pressure and the 

conversion of laser energy into cavitation bubble energy. The data of Table 8.2 show that the mechanical 

effects become weaker as the laser pulse duration is reduced; i.e., a smaller percentage of the laser light 

energy is converted into mechanical energy. This becomes obvious by considering the degree of 
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Pulse 

duration 

Wavelength 

(nm) P = EIEth 

Pressure at 

plasma 

boundary 

(GPa) 

Pressure at a 

distance of 12 

mm (MPa) 

Degree of conversion of 

absorbed laser energy 

into bubble energy (%) 

76 ns 750 6 10 4.0 22.0 
6 ns 1064 60 30 3.0 22.5 

532 60 10 0.65 13.5 

3ps 580 60 2.2 0.23 11.0 
580 60 1.8 0.11 3.0 

580 60 0.9 0.06 3.0 

Table 8.2 Dependence of shock pressure and cavitation bubble energy on laser pulse duration for p - 60. In the 

case of the 76 ns pulses, values are given for p =6 owing to the limited laser pulse energy. The pressures at the 

plasma edge were all determined by streak photography and, therefore, differ to some extent from the values given 

in Chapter 3. 

conversion of laser energy into bubble energy. It also shows up as a drop in pressure at the plasma 

boundary with decreasing pulse duration. The shock pressure in the far field falls off even faster than the 

pressure at the plasma boundary, because the far-field pressure is determined not only by the pressure in 

the plasma but also by the plasma size (see Section 3.1.8) which, for constant p, decreases with shorter 

pulse durations. 

8.2.4.2 Energy density in the breakdown region 

The intensity of the mechanical effects induced by optical breakdown is related to the average 

energy density in the breakdown region. The energy density was estimated by comparing the absorbed 

energy with the photographically determined breakdown volume. With 6 ns pulses at 1064 nm, values of 

30-40 kJ/cm3 were obtained (cf. 2.3.5), well above the vaporization enthalpy of water (2.59 kJ/cm3 for 

water at room temperature). The high energy density in the nanosecond plasmas explains both the high 

efficiency of conversion into bubble energy and the high pressures at the plasma boundary (Table 8.2). 

For 76 ns pulse duration, the energy density reached in the plasma is no higher than for 6 ns pulses, 

because a significant expansion of the plasma and the cavitation bubble takes place during the laser pulse. 

With femtosecond pulses the energy deposition is isochoric, but the average energy density in the 

breakdown volume is only about 1 kJ/cm3, i.e., it is lower than the enthalpy of vaporization of water at 

constant pressure. The liquid in the breakdown volume can, therefore, be only partly vaporized, and the 

degree of conversion of laser energy into bubble energy is low. The peak pressure at the plasma 

boundary is thus much smaller than for ns-pulses (=1 GPa as compared to 30 Gpa, see table 8.2). Because 

of the vaporization it is, however, still 10 times higher than the pressure rise of about 0.1 GPa owing to 

thermoelastic effects after the deposition of 1 kJ/cm3. 
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Because of the drop in the average plasma energy density with shorter pulse durations, a larger 

fraction of the laser energy is needed for vaporization of the fluid in the breakdown volume, and a smaller 

percentage of the laser energy is converted into the mechanical energy of the shock wave and cavitation 

bubble (cf. Table 8.2). The ratio (Emech/Ev) falls from about 12:1 for 6 ns pulses (cf. Table 4.1) to 1:1 for 

100 fs pulses with energies near the breakdown threshold, and even to 0.25:1 for energies well above the 

threshold. In calculating the above value of (EmechlEv) for femtosecond pulses, it was assumed that, just as 

with the longer pulse durations, the shock wave energy is roughly twice the experimentally determined 

bubble energy. Ey was calculated as Ey = Eabs - Emech. A direct determination of Ey by photographic 

determination of the size of the breakdown volume (cf. 4.1.2) is not possible for femtosecond pulses, 

since the boundaries of the breakdown region are not sharply defined on the side of the incoming laser 

beam (cf. Fig. 8.6d). 

8,2.43 Factors controlling the dependence of the energy density on pulse duration 

Although the irradiance I is the relevant parameter for the development of the free electron 

density, the radiant exposure F required for breakdown and the resulting energy density in the breakdown 

volume are of greater practical interest, since they determine the extent of mechanical effects during 

plasma-mediated material processing. The pulse duration dependence of the radiant exposure threshold 

Fth (Table 8.1) and of the energy density e are closely coupled, but they are not necessarily the same, 

since e depends not only on F(h, but also on the length and the absorption coefficient of the breakdown 

region. In the following, we shall discuss the factors determining the dependence of the energy density 

on pulse duration. 

Maximum electron density. The energy density in the plasma volume depends, among other 

things, on the free electron density attained during the laser pulse. Kennedy, et al. (1995a,b) conjectured 

that a drop in the electron density with shorter pulse durations is the main reason why no plasma light 

emission is observed with pulses lasting less than 3 ps. For this reason they assumed a critical electron 

density pcr =1020cw-3 when calculating the breakdown threshold for nanosecond and 60 ps pulses and 

used pcr = 1018cm“3 for 3 ps and femtosecond pulses. There is, however, as yet no experimental 

evidence for this sort of dependence of pcr on the pulse duration. Experimental data exist only for 30 ns 

ruby laser pulses, for which Barnes and Rieckhoff (1968) obtained an electron density of about 1020 cm'3. 

Fundamental considerations do, however, allow us to set a limit on the possible range of values for the 

electron density. 

It is unlikely that pcr is actually greater than 1021cm“3, since this is the critical plasma density at 

X = 1064 nm above which the plasma would reflect most of the incident light (cf. 2.1.3). The following 

arguments will show that during optical breakdown with femtosecond pulses, it is, conversely, unlikely 
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that pcr is much less than 1021cm”3. Up to the end of the pulse, the input energy is primarily stored in the 

form of free electrons, and hardly any energy has been transferred to the heavy particles. The energy 

required to produce a free electron is at least 6.5 eV or 1.04 x 10"18 J (cf. 2.1.3). Thus, the energy density 

of 2.59 kJ/cm3 required to vaporize water at room temperature and atmospheric pressure corresponds to 

an electron density of about 2.5 x 1021 cm'3 (neglecting the kinetic energy of the free electrons). This 

means that pcr must be about 2.5 x 1021 cm'3 in order to create a pure steam bubble. If thermoelastic 

effects play a role in bubble formation during optical breakdown and only partial vaporization takes 

place, pcr can, indeed, be somewhat lower, but not by 3 orders of magnitude, as Kennedy (1995a) 

conjectured. With nanosecond pulses, on the other hand, the enthalpy of vaporization can also be reached 

for the breakdown volume in the case p<1021cm-3, since a steady transfer of energy from electrons to 

heavy particles takes place during a longer laser pulse. 

In sum, the above considerations suggest that the average electron density in the plasma will rise 

with decreasing laser pulse duration. This is confirmed by the results in Section 8.2.1, where good 

agreement between the experimental and calculated thresholds was obtained if it was assumed that 

pcr =l020cm~3 for nanosecond pulses and pcr= 1021cm-3 for pico- and femtosecond pulses. The 

observed rapid drop in the energy density as the laser pulse duration is reduced can, therefore, not be 

explained in terms of changes in the electron density. 

Energy transfer from electrons to heavy particles during the laser pulse. With femtosecond 

pulses, hardly any energy is transferred from the electrons to the water molecules during the laser pulse 

[Stua96, Chi96; Noa99]. Only after the end of the pulse does an equilibrium temperature develop, and 

this temperature is substantially lower than the electron temperature, since the specific heat of the 

electrons is much lower than that of the heavy particles [Chi96]. With nanosecond pulses, on the other 

hand, the pulse duration is considerably longer than the time for energy transfer from electrons to heavy 

particles, so that the average temperature in the breakdown volume is raised to the electron temperature 

during the laser pulse [Chi96]. Energy transfer takes place mainly through collisions between free 

electrons and heavy particles and through thermalization via recombination events. Some of the 

recombination events are entirely radiationless [Jon89], and, otherwise, mainly excited electronic states 

will be populated [Jos95], and radiationless transitions can take place from these states into lower states. 

It is obvious that, for a constant free electron density, the more energy can be gained through inverse 

bremsstrahlung and passed on to the molecules the longer the laser pulse is. Figure 8.2 shows that the 

electron density for nanosecond pulses maintains a high and roughly constant value for quite a long time. 

Therefore, the equilibrium temperature and energy density in the plasma rise rapidly with increasing laser 
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pulse duration. The energy density is limited only by the fact that the plasma expands during the laser 

pulse for long pulses (76 ns). 

Plasma size. For equal /3, nanosecond plasmas are considerably longer than picosecond 

plasmas, since the optical breakdown threshold falls during the nanosecond pulses due to generation of 

seed electrons in the plasma vicinity caused by the UV recombination radiation (cf. 2.3.2.3). The 

enlargement of the plasma size reduces the energy density of the plasma for long pulses. 

Energy deposition in the surroundings of the plasma. During optical breakdown with 

femtosecond pulses the fluid in the beam cone will be heated already in front of the region where the 

cavitation bubble develops. The heating results in a refractive index change that can be made visible with 

a schlieren technique (Fig. 8.7). The temperature-induced refractive index variations can be easily 

distinguished from variations owing to acoustic transients, because they are stationary for several 

microseconds. Heating to temperatures below the threshold for bubble formation takes place in regions 

Fig. 8.7 Optical breakdown produced by a 100 fs, 35 pj pulse (/? - 200) photographed at different times after a 

laser pulse. The pictures taken I and 2 ps after breakdown are slightly defocussed in order to make visible the 

regions outside the cavitation bubble where multiphoton absorption leads to a temperature rise and, thereby, to 

changes in the refractive index. The laser light was incident from the right and the scale corresponds to 100 pm. 
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where multiphoton ionization produces a large number of free electrons but the critical electron density is 

not fully attained. The possibility of such a subthreshold effect is illustrated by the p(t) curves in Fig. 8.2, 

which show that substantially more electrons are available right at the beginning of a 100 fs pulse than for 

longer pulses and that the free electron density rises very steadily during the fs-laser pulse. A similarly 

smooth variation of the maximum electron density reached at the end of the laser pulse can be expected 

when the irradiance is varied around the breakdown threshold. Because of the light absorption in front of 

the breakdown region, there is a drop in the energy density in the breakdown volume where the cavitation 

bubble forms. No such effect was observed with the nanosecond or picosecond plasmas. Subthreshold 

effects are discussed in more detail in [Noa99]. 

8.2.5 Self-focussing 

Thus far, for simplicity we have neglected the fact that all aspects of the breakdown process with 

ultrashort laser pulses will be influenced by self-focussing. For a gaussian beam, above a critical power 

P'rr — 3.77—— (8.3) 
32k n2 

nonlinearities of the refractive index lead to a beam collapse, i.e., to focussing onto a cross section which 

is smaller than the diffraction limited focal spot diameter (cf. 2.1.2). Since the irradiance and laser power 

required for optical breakdown increase as the pulse is shortened, self-focussing plays an ever more 

important role as the pulse duration is shortened. 

Theoretical predictions of the self-focussing dynamics for ultrashort laser pulses are complicated, 

because the group velocity dispersion, which can be neglected with long pulses, must be taken into 

account [Lut94, Fib96, Fen97, Ran98]. 

The experimental results presented here show that self-focussing occurs with 6 ns, 1064 nm 

pulses only for very small focal angles < 2° (cf. 2.3.1.2). With 30 ps pulses, self-focussing was observed 

also at larger focal angles such as used in intraocular microsurgery, but only with energies well above the 

breakdown threshold (cf. 2.3.2.4). With femtosecond pulses, on the other hand, self-focussing plays a 

role at large focal angles even near the breakdown threshold [Fen97, Ran98]. Self-focussing can be 

identified by detecting continuum radiation. Continuum radiation develops, like self-focussing, through 

self phase modulation (cf. 2.1.2) and it is known that it occurs in water only at powers above the threshold 

for self-focussing [Smi77, Rot92]. A further indication of the presence of self-focussing effects is that the 

laser power required for breakdown depends only weakly on the focal spot size [Ham97]. 

At energies above the breakdown threshold, self-focussing causes a deformation of the 

breakdown region. The result is a filamentary structure at the tip the breakdown region which extends 

beyond the site of the linear focus (Fig. 8.7). Filaments of this sort produced by ultrashort pulses have 
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previously only been observed in gases [Bra95, Bro97], There has been some controversy as to whether 

the filaments are merely the time integrated track of the nonlinear focus which moves along the optical 

axis during the laser pulse [Bro97, Kos97] or whether a lightguide-like channel, along which part of the 

laser pulse propagates, develops owing to a combination of self-focussing in the normal medium and self 

defocussing after the onset of plasma formation [Bra95, Lan98]. The second interpretation is supported 

by the fact that the elongated breakdown region extends beyond the site of the linear focus. This 

extension cannot be explained by the first conjecture, since the movement of the nonlinear focus is always 

from the linear focus in the direction toward the incident laser beam [Mar75, Lan98]. 

Studies of self-focussing of ultrashort pulses in gases revealed that the filament contains only 

about 7-10% of the laser pulse energy and that the remaining energy propagates in an intensity ’’shoulder" 

surrounding the filament [Bro97, Lan98]. Thus, the energy distribution in the breakdown region is very 

inhomogeneous. The high energy density in the filament may explain why the shock pressure in 

femtosecond breakdown is quite high, although the overall degree of conversion of laser energy into 

mechanical energy is especially low. The low energy density in the "shoulder" region can contribute to 

the relatively high transmission of the femtosecond plasmas. 
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8.3 Clinical consequences 

The trends discussed in Chapter 4 in a comparison of pico- and nanosecond pulses continue as the 

laser pulse duration is further reduced into the femtosecond range. The radiant exposure required for 

optical breakdown with a 100 fs pulse is only 1/160 of that for a 6 ns pulse and the ratio of the mechanical 

and vaporization energies falls from about 12:1 to 1:1. Thus, the disruptive effect of laser pulses is 

dramatically reduced and very fine laser effects can be achieved. 

The energy density in the plasma is 30-40 kJ/cm3 for 6 ns pulses and 6-11 kJ/cm3 for picosecond 

pulses (cf. 2.3.5). These values are considerably higher than the energy density reached during corneal 

ablation based on linear absorption - even though the absorption coefficient of the plasma, a ~ 300 cm"^ 

(cf. 2.3.3.6), is relatively low. With excimer laser corneal ablation (A= 193 nm), the average energy 

density within the optical penetration depth 1 la is only 1.25 kJ/cm3. An ablation threshold of 0.05 J/cm2 

[Pet95] and an absorption coefficient a = 39900 cm-1 [Pet96] were assumed in this calculation. At the 

erbium:YAG laser wavelength X = 2940 nm, the ablation threshold is 0.15 J/cm2 [Ren95] and the average 

energy density in the cornea within the optical penetration depth is 1.26 kJ/cm3 (with a = 11900 cm'l 

[Mah78]). The energy density is so much higher in plasma-mediated ablation because the threshold for 

optical breakdown (453 J/cm2 for 6 ns pulses and 13.5 J/cm2 for 30 ps pulses, Table 8.1) is considerably 

higher than the linear ablation threshold. Only when the pulse length is reduced into the femtosecond 

range does the threshold for optical breakdown fall to about 1 J/cm2 and the average energy density reach 

a value similar to that for pulsed laser ablation based on linear absorption. 

Intraocular applications of femtosecond pulses will be impaired by self-focussing effects if the 

application site lies deep in the eye, where only relatively small focal angles can be used owing to the 

aperture restrictions given by the diameter of the pupil. Self-focusing decreases the localization of the 

laser effects because it leads to an elongation of the breakdown region, especially when pulse energies far 

above the breakdown threshold are used. Laser applications in the cornea, on the other hand, will not be 

impaired by self-focussing, since here (i) the path length through the nonlinear medium is very short and 

(ii) it is possible to work with a very large focal angle for which the displacement of the linear focus and 

the elongation of the breakdown region are particularly small. 
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9 Strategies for optimizing intraocular photodisruption 

In this chapter the results from our studies of the mechanisms of optical breakdown and tissue 

effects of intraocular photodisruption are summarized with a view to optimizing the parameters of clinical 

laser applications, and the results of the first clinical tests with ultrashort pulses are reported. In addition, 

possible new applications of photodisruption with pico- and femtosecond pulses that go beyond the scope 

of hitherto conventional clinical photodisruption are discussed. 

9.1 General considerations for parameter choices 

9.1.1 Wavelength 

The optimum wavelength for intraocular laser surgery lies in the range from about 800 nm to 

1150 nm. In this range, the light is transmitted well in the eye, the linear absorption by melanin and blood 

in the ocular fundus is low, and the light cannot be seen by the patient (cf. 2.1.1.1). With the Nd:YAG 

(1064 nm) and Nd:YLF (1053 nm) lasers, there are two compact solid state lasers available in this 

wavelength range which can provide pulses in the nano- and picosecond range; Ti:sapphire (660 nm < X 

< 1050 nm) or Nd:Glass (1057 nm) lasers can be used for treatment with femtosecond pulses. 

9.1.2 Focal angle 

The focal angle must be as large as possible for all intraocular laser applications, but small 

enough to avoid vignetting in the beam path. Large focal angles reduce the focal spot diameter and, 

thereby, lower the threshold energy for optical breakdown (at 22° it is about 1/4 of that at 8°; cf. 2.3.1.1). 

Large focal angles generate short and compact laser plasmas, and they ensure maximum absorption of the 

laser energy in the plasma, i.e., provide optimum "plasma shielding." Given the large divergence angle, 

the irradiance of the light on the retina or other structures lying behind the application site will be still 

further reduced. For every application site in the eye, a contact lens must be used that provides the 

maximum possible focal angle. Using a contact lens also substitutes the smooth surface of the glass for 

the sometimes optically irregular surface of the cornea. This substitution improves the focal quality and 

leads to a corresponding drop in the breakdown energy. 

9.1.3 Laser modes and aberration free focussing 

Minimization of the breakdown energy requires the use of an optimum laser mode and the 

avoidance of aberrations in the optical system. One can obtain a gaussian beam cross section at the laser 
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focus with a minimum focal spot diameter and a correspondingly low breakdown energy either by 

running the laser in its fundamental mode or by using an unstable cavity with mirrors that have a position 

dependent reflectivity [Mag89]. Aberrations can be minimized by coupling the laser light as directly as 

possible to the optics of the operation microscope (also referred to as the laser slit lamp). In the first 

clinical nanosecond lasers (e.g., the Lasag Mikroruptor) and picosecond lasers (ISL 2001), the light was 

coupled through articulated mirror arms and this reduced the focal quality significantly (cf. Fig. 9.1). The 

prerequisite for direct coupling to the slit lamp is a compact laser system, which, thus far, is only 

available for nanosecond lasers. 

The choice of a suitable contact lens, whose aplanatic point coincides with the plane of the 

application site in the eye, is also very important for avoiding aberrations. Focussing the laser light 

behind the aplanatic point of the contact lens leads to a dramatic rise in spherical aberrations [Rol86] and, 

thereby, to an increase in the breakdown threshold, as well as to a reduction in plasma absorption and a 

corresponding deterioration in plasma shielding (2.3.6). Tilting of the contact lens has similar negative 

consequences owing to coma and astigmatism. 

Fig. 9.1 (a) Plasma formation by 12 ns pulses (FM) from the Lasag Mikroruptor II, (b) plasma formation by the 

6 ns laser pulses from the laboratory system described in Chapter 2.2, The pulse energy in each case was 5 mj. In 

(a) the pulses were transported along an articulated mirror arm system, which impaired the beam quality. 

9.1.4 Pulse duration 

When the laser pulse duration is reduced from 6 ns to 30 ps, the radiant exposure threshold for 

optical breakdown is lowered by a factor of about 15, and a further reduction to 100 fs lowers the 

threshold by an additional factor of about 10 (cf. Section 8.2.1). (These data apply to wavelengths of 532 

or 580 nm; no data are yet available for ultrashort pulses in the near IR.) The ratio of mechanical energy 

to vaporization energy falls from more than 12.5:1 for 6 ns pulses to about 3:1 for 30 ps pulses and 

(depending on the pulse energy) to between 1:1 and 0.25:1 for 100 fs pulses (cf. 8.2.4). Thus, picosecond 

and femtosecond pulses are advantageous if fine incisions with little disruptive side effects are desired. 
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The enhanced fineness of the tissue effects does, however, come at the price of a reduced energy 

coupling efficiency and inferior plasma shielding. For p = 6 the transmission rises from 10% for 6 ns 

pulses to 45% for 60 ps pulses and 50% for 100 fs pulses (cf. 8.2.3; all data are for 532 or 580 nm). 

Fortunately, this has no negative practical consequences, since the absorption decreases only by about 

half as the pulse duration is reduced, and the energy transmitted per pulse is - for constant p - always at 

least 8 times lower with ps- and fs-pulses than for nanosecond pulses (cf. Sections 2.3.3.5 and 8.2.3). 

Problems may arise when optical breakdown with femtosecond pulses is accompanied by self-focussing, 

so that the position of the plasma shifts, the plasma becomes longer, and the energy distribution is 

irregular (cf. 8.2.5). 

To maintain a high surgical efficacy while making use of the high precision of ultrashort laser 

pulses with energies in the microjoule range, a series of pulses with repetition rates of a few hundred 

Hertz to a few kilohertz must be applied. The scale of single pulse effects is too small to perform surgery 

with a sequence of individually aimed pulses. The pulses are best applied in a scanning mode with 

computer controlled patterns (spot, line, circle, spiral, etc.). As the pulse duration is reduced, the single 

pulse energy and the distance over which mechanically induced side effects occur both decrease, but we 

observed that the total energy required to fulfill a given surgical task increases [Ger98]. This increase is 

partly a consequence of the use of pulse series instead of individual aiming, and partly due to the 

reduction of the disruptive effects which significantly contribute to tissue dissection with nanosecond 

pulses. The higher total energy has, however, exhibited no clinically significant drawbacks [Ger98]. 

In certain intraocular laser applications the fineness attainable with ultrashort pulses is greater 

than the aiming accuracy that a surgeon can achieve with manual aiming. In these cases, somewhat 

longer pulses are adequate or even advantageous. In each individual case it must be decided which 

fineness of the individual effect is really required in relation to the overall tissue mass to be removed or 

cut. Because of the high precision of the laser effects, ultrashort laser pulses are outstandingly suited to 

microscopic material processing and to the cutting of tissue, but because of the small extent of the effects, 

they are not effective for ablation of large volumes of tissue. This last point holds especially when the 

volume to be ablated (or vaporized) is not located at a tissue surface but is surrounded by tissue, because 

the delivery of the pulses is then further hindered by the cavitation bubbles created by previous pulses. 

9.1.5 Repetition rate 

The time between laser pulses should always exceed the oscillation period of the cavitation 

bubbles generated by breakdown. With nanosecond pulses, the maximum useful repetition rate for laser 

applications at tissue surfaces in aqueous humor or vitreous humor (e.g., in capsulotomies or iridotomies) 

is limited to about 1 kHz. With picosecond and femtosecond pulses, the repetition rate can be a few kHz 
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because of the shorter lifetime of the bubbles. If the treatment site lies within a tissue (e.g., the cornea), 

the cavitation bubbles last a few seconds. All that can be done in this case is to separate the application 

sites spatially by scanning the laser beam in order to avoid interactions between the bubbles and 

subsequent laser pulses. 

The repetition rate should also be low enough that no collateral thermal effects take place as a 

result of linear absorption in structures behind the laser focus. Linear absorption can play a role, for 

example, in vitreoretinal laser treatment at locations near the retina. The maximum possible repetition 

rate without thermal damage depends on the pulse energy, the distance to the retina, and the transmission 

of the plasma. 
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9.2 Specific laser applications 

In the following the general considerations for choosing the system parameters will be used to set 

specifications for some already established clinical applications of photodisruption [Ste85, Fan89] and to 

discuss the question of whether pico- and femtosecond pulses can be used in new applications that require 

especially precise tissue effects. 

9.2.1 Capsulotomies and membranotomies 

Surgical treatment of cataracts involves removing the turbid interior of the lens through an 

opening in the anterior lens capsule and implanting an artificial intraocular lens in the capsular bag. 

A frequent postoperative complication is that a portion of the lens epithelium that has not been removed 

during the operation undergoes proliferation, causing clouding and fibrotic alterations of the posterior 

lens capsule. In order to remove this distortion of the optical path to the retina, the lens capsule is opened 

by photodisruption in a procedure called posterior capsulotomy. 

Nanosecond laser pulses are preferable for posterior capsulotomies, precisely because of their 

disruptive action. The mechanical laser effects, in combination with the preexisting tension in the fibro- 

tically altered lens capsule, are used to rupture the capsule. A capsulotomy can, therefore, be performed 

with a few single laser pulses. The capsule ruptures even if the laser is focussed slightly behind the 

capsule in order to avoid damage to the intraocular lens. If picosecond pulses are used, the capsule does 

not rupture, but has to be cut by the vaporizing action of the laser plasma. The cutting can be done, for 

example, by applying a large number of pulses in the form of line patterns whose direction is changed 

repeatedly during an operation in order to cut a polygon out of the capsule [Ger98]. This technique is 

relatively time consuming and requires a substantially higher total energy than a capsulotomy using nano¬ 

second pulses. In addition, the application of line patterns involves a higher risk of causing serious 

damage to the curved surface of the intraocular lens by misaiming than does the application of single, 

individually aimed nanosecond pulses, even if the energy of the individual picosecond pulses is low 

[Ger98]. 

Picosecond pulses have been employed very successfully in pupilloplasty, and anterior capsulo¬ 

tomies were carried out on pseudophacic patients with major fibrotic alterations of the capsule [Ger98]. 

With nanosecond pulses very high pulse energies would have been required for a capsulotomy in these 

difficult cases, and the high energies would imply a high risk of side effects through collateral tearing. 

With a series of picosecond pulses, however, it was possible to cut the capsule smoothly (Fig. 9.2). 

One can exploit the cutting ability of picosecond lasers to open the anterior lens capsule prior to a 

cataract operation. In this way the actual time of the operation would be reduced and the tension on the 

zonule fibers encountered in capsulorhexis can be avoided. A rapid anterior capsulotomy will require that 
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Fig. 9.2 Picosecond laser capsulotomy of a 

highly fibrotic anterior lens capsule before (a) and 

after (b) the operation [Ger98]. (c) Picosecond 

laser iridectomy. 

the laser pulses be applied in a circular pattern with a diameter of 5-6 mm, which is not achievable with 

currently available clinical laser systems. Furthermore, the edge of the cut in a laser capsulotomy is 

somewhat coarser than the edge of a surgical capsulorhexis, so it may be more easily tom during the 

implantation of the intraocular lens [Ger98]. 

9.2.2 Fistulating operations 

Fistulating operations serve to regulate the flow of aqueous humor, so as to avoid damaging 

pressure increases in the eye. Aqueous humor is produced in the ciliary body behind the iris and normally 

flows through the pupil into the anterior chamber and from there through the trabecula at the junction of 

the cornea and the sclera into Schlemm's canal, which forms a ring around that junction. In order to 

regulate the flow of aqueous humor, one creates (i) holes in the iris (iridotomies or iridectomies), (ii) 

fistulas from the anterior chamber through the sclera, through which the aqueous humor can flow out into 

the subconjunctival space (sclerostomies), or (iii) holes in the trabecular meshwork which should ease the 

discharge into Schlemm's canal (trabeculectomies, goniotomies) [Fan89]. 

Nanosecond iridotomies usually have a relatively small diameter and, especially for strongly 

pigmented irises, chipping off of part of the pigment sheath is often observed. Because of the disruptive 

character of the laser-tissue interaction, it is easy to damage the comeal endothelium [Ker85, Gab85, 

Win88], not only in the immediate vicinity of the application site through the direct action of the 
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oscillating cavitation bubbles, but also at a distance of a few millimeters owing to the interaction between 

the gas bubble that remains after the oscillations of the cavitation bubble and the optical breakdown of the 

following laser pulses (cf. Chapter 6). The application of a series of picosecond pulses in a spiral pattern 

makes it possible to easily create large iridectomies with a diameter of 0.5 to 1 mm (Fig. 9.2c) with very 

little disruptive side effects [Ger98]. Because of the large diameter of the iridectomies and the lack of 

disruptive side effects, it was necessary to use about 80 times as much total energy as with ns pulses. The 

incidence of iris bleeding rose from 50% with nanosecond pulses to 64%, due to the larger diameter of the 

canal [Ger98]. However, no long-term complications owing to iris bleeding were observed with either 

pulse length. 

Attempts to perform sclerostomies ab interno with nanosecond pulses led only to severe 

mechanical damage in the anterior chamber angle, but not to perforation of the sclera [K6190]. The 

reasons for this are: (i) the beam path into the chamber angle through a gonioscopic contact lens is so 

strongly aberrated that the breakdown threshold is increased to several millijoules. (ii) Vignetting at the 

mirror aperture of the contact lens and at the opening of the sclerostomy channel prevents deepening it to 

the required length of several millimeters, (iii) The microscopic gas bubbles remaining after each pulse 

accumulate in the scleral canal and in the chamber angle and prevent focussing of the laser beam further 

into the canal. Attempts to perform sclerostomies with picosecond pulses were not very successful for the 

same reasons, although, because of the low breakdown energy, one can work much further above the 

threshold than with nanosecond pulses without producing strong disruptive effects. Gross, et al. (1994) 

have succeeded in performing sclerostomies with picosecond pulses, but they required 5-8 minutes and 

92-155 J of laser energy. 

The laser pulse can reach the application site most easily if only the trabecular meshwork is 

ablated to create access to Schlemm's canal. However, when such goniotomies were performed with 

nanosecond lasers, strong healing reactions were induced by the disruptive laser effects that soon nullified 

the fistulating action of the laser pulses [Kra77, Fan81]. Goniotomies have not yet been attempted 

clinically with picosecond pulses, although the prospects for success seem to be much better than with 

nanosecond pulses owing to their less disruptive mode of action. 

9.2.3 Cataract emulsification 

It would be desirable if a cataractous lens nucleus could be fragmented by photodisruption, so 

that the contents of the capsule could be aspirated through a small hole. This procedure would make it 

possible to fill the capsular bag with a transparent viscoelastic material, so that it might be possible to 

restore accommodation of the eye [Par86, Het94]. Ultrasonic phacoemulsification is not very well suited 

for this process, since it requires a 2.5-3 mm long incision [Eme83] and is extremely time consuming in 
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the case of very hard lens nuclei. Studies by Vogel, et al. (1994b) have shown that nanosecond pulses are 

also not suitable, since, owing to the strong light scattering in a cataractous lens, very high energies of 

over 20 mJ may be required to produce optical breakdown in the posterior part of the lens. With such 

high pulse energies, there is a risk of capsule rupture when the scanning laser beam reaches clear parts of 

the lens, even when the laser pulses are focussed at a relatively large distance from the lens capsule. With 

picosecond pulses, on the other hand, energies of 3 mJ were sufficient to produce optical breakdown in 

every part of the lens in all of the lenses that were studied (n = 23, a random selection with different 

degrees of cataract). Thus far, further studies of this application have been hindered by the absence of 

suitable viscoelastic lens materials and the lack of a clinical picosecond laser system with sufficiently 

high pulse energies (the ISL 2001 system can produce pulses with an energy of up to only 0.4 mJ). 

9.2.4 Vitreoretinal surgery 

Shortly after the clinical introduction of intraocular photodisruption, surgeons began to dissect 

vitreous strands or membranes using nanosecond pulses [Fan82, Bro85, Gab92] or picosecond pulse 

trains from mode locked lasers [Tas91]. It turned out that for energies of 3-5 mJ in the pulses or pulse 

trains, respectively, a safety distance of about 3 mm must be maintained from the retina in order to avoid 

retinal or choroidal bleeding [Fan82, Bro85, Hie85]. When 200 pJ picosecond pulses were used, the 

range for retinal damage was, in contrast, only 0.5 mm [Vog94b]. Thus, picosecond pulses allow 

vitreoretinal surgery to be done closer to the retina than nanosecond pulses. One should, of course, avoid 

applications in the macular region, since here the risk of damage through inadvertent defocussing is too 

high. Therefore, attempts were first made to dissect vitreoretinal adhesions in the periphery of the fundus 

[Ger98]. However, no significant tissue effects could be obtained even with the maximum available pulse 

energy of 400 p J per pulse. The reason is probably that the beam path was severely aberrated owing to the 

use of a Goldmann three-mirror contact lens and the oblique passage through the optical media. Besides 

that, a large part of the laser light was vignetted at the mirror of the Goldmann lens. Because aberrations 

increase the breakdown threshold (cf. 2.3.6) and, to make matters worse, the absorption in picosecond 

plasmas at energies just above the breakdown threshold is low (cf. 2.3.3.5), the surgical efficiency is low. 

With the currently available pulse energies from clinical picosecond lasers (400 pJ from the ISL 2001), 

vitreoretinal laser treatments are only possible in the anterior and middle vitreous humor (V. Marchi, 

personal communication) and in the central fundus region outside the macula. 

9.2.5 Intrastromal refractive corneal surgery 

One of the shortcomings of photorefractive keratectomy (PRK) with excimer lasers is that the 

epithelium and Bowman's membrane must be removed in order to ablate a layer of stroma. Haze in the 

anterior corneal region and a partial regression of the refractive changes are the consequences [Mar96]. 
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An ideal refractive laser would vaporize a lenticule inside the corneal stroma without damage to the outer 

layers of the cornea. Attempts have been made to achieve such intrastromal photorefractive 

keratectomies (ISPRK) by means of plasma-mediated vaporization [Hoh90, Nie93, Hab95, Mar96, Juh995 

Sle99]. Nanosecond pulses proved unsuitable, since they cause excessive tearing in the corneal tissue 

[Hoh90]. With picosecond pulses, it is possible to produce laser effects in the anterior third of the cornea 

without causing epithelial or endothelial damage [Vog97b] (cf. Fig. 9.3). However, the studies in Chapter 

7 showed that, owing to cavitation, the tissue is mainly displaced and only a thin layer of tissue (at most, 

about 10 pm) can be vaporized. The removal of a lenticule of this thickness would correspond to a 

refractive change of only 0.85 diopters for a treatment zone with a diameter of 6 mm. 

Fig. 9.3 Intrastromal laser effects 

following the application of a 2-mm- 

diameter spiral pattern of 40 ps, 40 pJ 

pulses with a distance of 15 pm 

between the foci of successive pulses 

[Vog97b]. 

It has, therefore, been proposed that the lenticule should not be vaporized, but be cut out of the 

corneal stroma by applying two layers of laser pulses and then removed mechanically through an incision 

in the cornea [Bry97, Kru97]. When picosecond pulses are used, the cavitation bubble dynamics again 

interferes with the cutting process, so that the laser incision acquires a spongy structure with bridges of 

tissue between the lenticule and the remaining tissue (Fig. 9.4). 

For this reason, adjunctive conventional surgical procedures are necessary to detach the lenticule 

from the remaining corneal tissue, and the area of the incision is relatively coarse. The lenticule must, 

moreover, have a minimum thickness of about 100 pm if it is to be removed in a single piece (V. Marchi, 

personal communication), so that this technique is suited only to the correction of very strong myopia. 

Using femtosecond pulses leads to a distinct improvement in the result, since the breakdown threshold is 

low and cavitation effects are substantially lower than with picosecond pulses (Emec^/Ev falls from 3:1 

with ps-pulses to below 0.25:1; cf. Chapter 8.2.4). Since a very large focal angle can be chosen for laser 
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Fig. 9.4 Histological section through a cornea following application of 100 pJ pulses focused into a layer parallel to 

the corneal surface. The lateral separation between the individual application sites was 15 pm. [Vog97b]. 

applications in the cornea, self-focussing has no perturbative effect. It has been shown that femtosecond 

pulses can be used to cut out lenticules with smooth sectional planes in ex vivo primate eyes [Kur98, 

Juh99] and to create corneal thinning by intrastromal vaporization [Sle99]. 

In summary, the above discussion shows that the use of pico- and femtosecond pulses offer some 

specific improvements over conventional Nd:YAG surgery with nanosecond pulses, although no 

fundamentally new treatment possibilities have, as yet, been established. The greatest potential for 

innovation lies in intrastromal refractive corneal surgery using femtosecond pulses. 
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10 Summary 

Photodisruption by short, intense laser pulses relies on nonlinear absorption of light in the focal 

region of a laser beam which creates a plasma with a temperature of several thousand Kelvin. This 

"optical breakdown" makes spatially limited energy deposition possible even inside of structures that are 

transparent at low light intensities. Noninvasive intraocular microsurgery is an important application. 

This dissertation is devoted to a study of the physical mechanisms of photodisruption in water and ocular 

media for the purpose of determining the optimum laser parameters for established laser surgical 

procedures, as well as for opening up possible new applications that may become possible by shortening 

the laser pulses from the nanosecond to the pico- and femtosecond range. Laser pulses with durations 

between 100 ns and 100 fs and wavelengths in the visible and infrared were focussed into water and 

ocular tissue. The accompanying events (plasma production, shock wave formation, cavitation) were 

tracked using fast framing and streak photography, as well as acoustic techniques. The resulting tissue 

effects were documented histologically and correlated with the physical mechanisms. The plasma 

production, shock wave formation, and cavitation dynamics were modeled theoretically and the results of 

the models compared with the experimental data. 

When the intensity of the light is high, quasi-free electrons are created by multiphoton and 

cascade ionization, with an avalanche-like increase of the number of free charge carriers. This ionization 

leads to a rapid rise in the cross section for inverse bremsstrahlung in the focal region of the laser beam 

and, thus, to an increase in the absorption coefficient by several orders of magnitude bringing about a 

highly localized energy deposition. The irradiance I(h required for optical breakdown increases from 

~1010 W/cm2 to «1013 W/cm2 when the pulse length is reduced from 100 ns to 100 fs, while the radiant 

exposure threshold Fth decreases by about three orders of magnitude from ~103 J/cm2 to ~1 J/cm2. The 

experimentally determined thresholds are in good agreement with the predictions of a theory for the time 

evolution of the density of free charge carriers that considers multiphoton and cascade ionization, as well 

as the losses of free electrons through diffusion, collisions, and recombination. 

For pulse energies above the breakdown threshold, nanosecond and picosecond plasmas grow 

from the beam waist toward the incoming laser light. The movement of the plasma front and the 

maximum plasma length are determined by the motion of the intensity contour with I = Ith during the 

laser pulse. With femtosecond plasmas, on the other hand, the breakdown front moves in the same 

direction as the laser pulse. Nevertheless, the plasma length scales in a manner similar to that for the 

longer pulse durations, as (£/£,/,-l)l/2. 
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Most of the incident laser energy will be absorbed in the plasma or transmitted through it. 

Scattering and reflection at the plasma play only a minor role, except when a plasma is formed at a 

surface. Scattering and reflection are unimportant because the free electron density reached within the 

breakdown volume is limited by the movement of the breakdown front during the laser pulse. Therefore, 

the plasma frequency does not exceed the frequency of the light and the reflectivity of the plasma remains 

low. At the threshold, nanosecond plasmas absorb more than 50% of the incident laser light, while 

picosecond and femtosecond plasmas absorb only 10%. The corresponding plasma absorption 

coefficients lie between 1000 cm'3 and 100 cm'3. The dependence of the absorption coefficient on the 

pulse duration can be explained by solving the rate equation for the time evolution of the free carrier 

density. 

The energy density in nanosecond plasmas is 30-40 kJ/cm3, that is 15 times the enthalpy of 

vaporization of water. With shorter pulse durations, the energy density decreases continuously and is only 

about 1 kJ/cm3 in femtosecond plasmas. The high energy density in nanosecond and picosecond plasmas 

causes an explosive expansion, which leads to the formation of a shock wave in the surrounding fluid and 

to the development of a cavitation bubble. In this manner, a large percentage of the absorbed laser energy 

is converted into mechanical energy (80-90% for nanosecond pulses and 50-70% for picosecond pulses), 

with about 2/3 going into the energy of the shock wave and 1/3 into the energy of the bubble. Only about 

8% of absorbed energy from nanosecond pulses or about 30% of that from picosecond pulses is needed to 

vaporize the fluid or tissue in the breakdown volume. The high degree of conversion from light energy 

into mechanical energy explains the disruptive character of plasma-mediated laser surgery. The 

disruptive character decreases with the use of femtosecond pulses, since then only 10-20% of the 

absorbed laser energy is converted into mechanical energy. 

The shock wave pressure at the plasma boundary and the pressure evolution during shock wave 

propagation in the surrounding fluid were determined by high-speed framing photography and by streak 

photography in combination with digital image processing. The pressure at the plasma boundary is about 

5-10 GPa for nanosecond pulses and decreases to 0.1 GPa with femtosecond pulses. In the neighborhood 

of the plasmas, the pressure falls off as r1L7'"‘2’5 because of the strong energy dissipation at the shock front 

and, after a few millimeters, it is proportional to r'106. A model of shock wave production based on the 

Gilmore model of cavitation bubble dynamics and the Kirkwood-Bethe hypothesis yielded good 

agreement with the experimental data. The model made it possible to calculate the shock wave energy in 

the near field of the source. A comparison with far-field hydrophone measurements showed that within 

the first 10 mm of the shock propagation 85-90% of the shock wave energy is dissipated, mostly in the 

immediate neighborhood of the plasma (r < 0.2 mm). 
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The cavitation bubbles created by the expansion of the heated plasma region expand in water to a 

radius ranging from about 100 pm for fs pulses to 2 mm for ns pulses. The bubbles collapse again owing 

to the static ambient pressure. The maximum bubble wall velocity during the expansion phase was 

determined by high-speed framing photography. It is 1800-2500 m/s for nanosecond pulses and 400-800 

m/s for picosecond pulses. When the bubble collapses in the neighborhood of a rigid boundary, a jet-like 

fluid flow develops, which streams toward the boundary with a velocity of about 100 m/s. The jet flow 

leads to a concentration of energy at some distance from the laser focus with the creation of a water 

hammer pressure of about 75 MPa upon impact at the boundary. 

Histological studies showed that macroscopic tissue effects are mostly caused by the expansion 

and collapse of cavitation bubbles. The range of the mechanical effects from single laser pulses is of the 

same order of magnitude as the radius of the cavitation bubbles. The shock waves produce tissue effects 

only at a cellular and subcellular level, because their duration is so short (less than 60 ns in the vicinity of 

the plasma) that they cannot cause a macroscopic tissue displacement. The shock wave action is 

restricted to the vicinity of the plasma, within a range of about 1/3 of the maximum bubble radius. Within 

this range, the shock waves cause a weakening of the tissue matrix, which facilitates the disruptive action 

of the bubble oscillations. 

Cavitation effects lead to displacement and tearing of tissue within a range far greater than the 

volume of the vaporized tissue, especially with nanosecond and picosecond pulses. Photodisruption is, 

therefore, better suited for cutting and dissection than for vaporizing a large volume of tissue. 

If exceptionally fine laser effects with little disruption are desired, femtosecond pulses give the 

best results. For them, the energy threshold for optical breakdown is very low (about 0.2 pJ for a 16° focal 

angle) and a very low fraction of the absorbed laser energy is converted into mechanical energy. One 

possible new area of application for femtosecond photodisruption is intrastromal refractive corneal 

surgery. A potential difficulty in the application of femtosecond pulses is that self-focussing has been 

observed for all focal angles that have been studied. However, self-focusing will not lead to a significant 

reduction in the surgical prospects if extremely large focal angles and low pulse energies are employed. 
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