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ABSTRACT

Plasma mediated ablation of collagen gels and porcine corea was studied at various laser puise durations in the range
from 350 fs to 1 ns at 1053 nm wavelength. A time resolved stress detection technique was employed to measure transient
stress profiles and amplitudes. Optical microscopy was used to characterize ablation craters qualitatively, while a wide band
acoustic transducer helped to quantify tissue mechanical response and the ablation threshold. The ablation threshold was
measured as a function of laser pulse duration and linear absorption coefficient. For nanosecond puises the ablation threshold
was found to have a strong dependence on the linear absorption coefficient of the material. As the pulse length decreased into
the subpicosecond regime the ablation threshold becatne insensitive to the linear absorption coefficient. The ablation
efficiency was found to be insensitive to both the laser pulse duration and the linear absorption coefficient. High quality
ablation craters with no thermal or mechanical damage to surrounding material were obtained with 350 fs Iaser puises. The
mechanism of optical breakdown at the tissue surface was theoretically investigated. In the nanosecond regime, optical
breakdown proceeds as an electron collisional avalanche ionization initiated by thermal seed electrons. Thease seed electrons
are created by heating of the tissue by linear absorption. In the ultrashort pulse range, optical breakdown is initiated by the
multiphoton jonization of the irradiated medium (6 photons in case of tissue irradiated at 1053 am wavelength), and becomes
less sensitive to the linear absorption coefficient. The energy deposition profile is insensitive to both the laser pulse duration
and the linear absorption coefficient.
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1. INTRODUCTION

Plasma optical breakdown is the only mechanism of laser energy deposition in transparent tissues. Therefore, plasma
mediated ablation has been studied by a number of groups!-S. It was found that picosecond and subpicosecond ablation
produces much lower coliateral damage to adjacent tissues than nanosecond ablation. For nanosecond pulse durations, optical
breakdown is determined by laser heating of absorbing impurities at the surface of the irradiated medium. This heating
produces the seed electrons that ionize the material via the subsequent process of electron collisional avalanche. As one enters
the picosecond pulse regime, another mechanism of producing the seed electrons becomes dominate — multiphoton ionization.
As aresult, the ablation threshold shows less statistical variation. Instead of one seed electron being freed from the tail of the
thermal distribution, several photons together ionize the seed electrons. For even shorter pulses, subpicosecond, the
muitiphoton jonization produces so many electrons that there is little need for the subsequent collisional avalanche,
Multiphoton ionization alone becomes the dominate process. This view is supported by our previcus studies of plasma
mediated damage of transparent dielectrics”. This paper presents quantitative experimental and theoretical studies of tissue
ablation parameters as functions of pulse duration in the range from 350 fs to 1 ns. Qur intention was to observe the
difference in tissue response due to the difference in optical breakdown mechanisms while irradiating with various pulse
durations and fluences. The theory of optical breakdown at the surface of biological tissue is not yet developed and the
mechanisms underlying plasma mediated ablation are not thoroughly discussed in the literature. Therefore, the emphasis of
our study was put on the theoretical description of optical breakdown and the experimental quantification of ablation
parameters such as threshold laser fluence (@, {}/cm?]), ablation efficiency ( 77 [um/pulse]), and stress wave amplitude ( o,
[bar]). We have also qualitatively characterized crater quality and collateral damage with the aid of optical microscopy for
nanosecond, picosecond and femtosecond ablation.
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2. MATERIALS AND METHODS
2.1. Collagen gels and porcine corneas

Ten percent collagen gels were made of gelatin G2625 (Sigma, St. Louis, MO) mixed with hot distilled water at 70°C
and then cooled down to room temperature. Agueous solutions of cupric chloride (CuCl,) with low, medium and high
concentrations were used to produce phantom tissues with low ( 22,=0.01 /cm), medium ( 4,=22 /cm) and high (£, =76 /cm)
absorbency at 1053 nm. To produce gels with extremely high absorbency (x,21000 /cm), carbon black micropowder was
added to initially transparent liquid gels before hardening. Thin slabs of gels with dimensions of 25 mm X 25 mm X 1.9
mm were prepared for the expeniments.

Porcine eyes were obtained from a slaughter house, kept on ice during transportation and used for the experiments within
two hours. Corneas were not removed from the eye balls for the experiments. Eyes were fixed in a specially designed holder,
and the front surfaces of the corneas were irradiated by the laser pulses.

2.2. Laser system with tumable pulse length

For plasma mediated ablation studies, we used laser pulses generated by a 1053 nm Ti:sapphire CPA system® as
diagrammed in Fig. 1. Seed pulses of 100 fs from a Kerr-lens mode-locked, Ti:sapphire oscillator were stretched to 1 ns in a
four-pass, single grating (1740 line/mm) pulse stretcher. Amplification by neariy 10° to the 6 mJ range was achieved in the
TEM g stable cavity mode of a linear regenerative amplifier. Further amplification to the 60 mJ level was achieved in a
Ti:sapphire ring regenerative amplifier, which supported a larger (2.3 mm) beam diameter and reduced nonlinear effects. This
system operated at 10 Hz; however, single pulses could be extracted for experiments.
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After amplification, we compressed the pulses in a four-pass, single-grating (1740 line/mm) compressor of variable
length. By varying the dispersive path length of the compressor, we obtained pulses of contimuously adiustable duration from
300 fs to 1 ns (all reported pulsewidths are intensity fullwidth at half maximum). The temporal profile of the compressed
pulses depends strongly on the spectral and temporal profile of the stretched pulse. For our expertments, we compressed a
near Gaussian spectral profile to obtain temporally smooth tophat output pulses. This allowed us to relate the time evolution
of the puise intensity to the measured fluence.

The energy of each pulse was monitored with the leakage through a 92% reflectivity mirror. We adjusted the energy
delivered to the damage sample with a half-waveplate before compression, using the strong dependence of grating efficiency
upon input polarization. The RMS energy stability was typically less than 1.5%, and we report the average value here. Due
to saturated amplification in the regenerative amplifiers, the maximum energy never exceeded the average by more than 3%,

We performed ablation measurements with laser spot size of .5 mm diameter (e intensity). Laser pulses were focused
onto the tissue sample by a 1 meter focal length lens, with a variable distance to the sample. The spot size was measured
with a CCD camera. The laser spatial mode at the sample had a 98% or better fit to a (Gaussian, so the effective diameter as
measured on the camera system was combined with the measured energy to give the pulse energy fluence. Our estimated
absolute uncertainty in fluence was 15%, but relative values shouid be within 5%.

2.3. Methods to study ablation parameters

After irradiation, a Nomarski microscope was used to inspect the sample for possible formation of an ablated crater. We
defined ablation threshold as any visible permanent removal of material from the sample surface observable with the
Nomarski microscope. The smallest craters we could observe were approximately 1 um in diameter, a factor of 500 smaHer
in area than the laser spot size. Many fluence levels (10 to 20) were examined above and below the ablation threshold for a
given pulsewidth in order to establish the threshold value,

To give further insight into the ablation process, laser-induced stress transients were recorded for each ablation event. A
lithium niobate acoustic transducer with sensitivity of @ mV/bar and ultrasonic frequency band of 300 MHz (WAT-13,
Science Brothers Inc., Houston, TX) was used for time-resolved detection of stress waves. The amplitude of the stress wave
characterizes the efficiency of the laser energy deposition. The time integral of the transient stress yields the recoil
momenium due to material ejection. To determine ablation efficiency, 77 [Lm/pulse], we have measured ablated crater depth
and diameter after 10 to 100 laser pulses. The energy of each pulse was recorded. All ablation threshold measurements
performed with the aid of optical microscopy were verified via comparison with transient stress profiles and magnitudes. That
is, the formation of a crater was correlated with dramatic changes in both the amplitude and total momentum of the stress
wave,

3. THEORY OF OPTICAL BREAKDOWN

Optical breakdown in transparent materials can be understood in terms of an electron avalanche in which conduction band
electrons, oscillating in response to the laser field, gain thermal energy by scattering from phonons®!3. If an electron can
achieve an energy equal to the band gap between bound and ionized states of the electron, subsequent impact ionization
promotes another valence electron into the ionized (non-bound) state. The resulting avalanche, similar to that in gases, leads
to an irreversible change in the bulk structure of the irradiated medium.

The theoretical picture of laser-induced damage to a substance is much simpler for ultrashort lasers pulses with duration
of less than 10 ps than for longer pulses. In this ultrashort pulse regime, intensities corresponding to breakdown produce
electrons via multiphoton photoionization, and these seed electrons initiate the avalanche. Indeed, as the femtosecond regime
is reached, breakdown intensities approach the limit in which photoionization alone is capable of producing electron densities
high enough to cause damage or ablation. The strong nonlinear dependence of multiphoton absorption on intensity causes the
threshold to become increasingly sharply defined for shorter pulse durations. Because there are no statistical fluctuations in
the number of seed electrons, one may define the intrinsic damage threshold of the material. More importantty, for very short
laser pulses, energy is absorbed by the electrons much faster than it is transferred to the lattice {atomic matrix of media).
Since the lattice is not heated appreciably during the laser pulse, there is no modification of electron lattice scattering rate.
There is also no need to track the flow of energy into the lattice to account for the thermomechanical stress during the pulse
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as is necessary for longer pulses, greater than 50 ps. The actual damage or medium ablation occurs after the ultrashort pulse
has passed.

The evolution of free electron densitjr n can be described in terms of a simple rate equation!?
on
N B+ P (1
5, = Bln+ PU)

Here I is the light intensity, P(I) is the rate of multiphoton ionization, and f describes the avalanche rate’ (f=11
cm?®/TW/s). For 1053 nm light, six-photon absorption cross section values for water were not available, so we used the

strong field Keldysh!4 formulae for P(J) . The only parameter of importance for this expression is the bandgap between the )
ground electronic state of valence electron and the ionized state of the electron. We used the value of 6.5 eV, typical for
distilled water'>6, Evaluation of the Keldysh expression leads to a result that fits nicely to the six-photon absorption form, Z?

P(I) = CI®, where C=1.599*1046 (crn2/TW)%/s.

For calcunlation of the avalanche rate on the surface of biological tissue, one must have detailed information about the
electron scattering rate there. Such data are unavailable in the literature, so we used the rate caleulated for glass'®. Due to the
amorphous structure of both materials, the actual value for aqueous media should be close to that of glass.

We assume that optical breakdown threshold is indicated by the occurrence of a sufficiently high free electron density. A
reasonable lower limit would be on the order of 10¥%/cc, roughly the density at which the energy density of ionized electrons
equals the binding energy of the lattice. A more realistic choice for the electron density at the breakdown threshold is the
critical electron density at which the plasma becomes reflective (10%!/cc for 1053 nm). Such a density is just below the
density at which laser pulse is strongly absorbed. Our calculations indicate that the theoretical threshold is only a logarithmic
function of electron density.

It is natural to relate the linear absorption coefficient in media to the number of initial free efectrons. We calculated the
number of initial electrons using the same scattering rate as was used for the avalanche rate calculation. Damage threshold
calculations for materials with various linear absorpbances are presented in Fig. 2. One can see that the threshold becomes
insensitive to the linear absorption when laser pulse becomes very short. This is because multiphoton tonization produces
many more free electrons than initially present or produced by linear heating.

Wavwvelength: 1tum
Material: water
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Fig. 2. Theoretical curve of plasma breakdown threshold as a function
of pulse duration
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Next, we consider the distribution of deposited laser energy. The laser light energy is deposited in the electrons produced
by the avalanche and multiphoton jonization. Hence, we can express the axial intensity distribution in a medium as
ol _ an 2
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where the electron density rate, dn / Jt, is described by Eq. (1), £ is the average energy of electrons including the ionization
energy E,; from the ground state. It was shown!? that this total energy can be estimated as 1.5X E; or about 10 eV. Solving
Egs. (1) and (2) for different pulse durations and pulse energies close to the optical breakdown threshold values leads to the
results presented in Fig. 3. One can see that the absorbed energy is localized in a thin layer of about only 1 um thick (ie.,
the effective absorption coefficient p, = 7000 / cm) and is practically independent of the laser pulse duration. As a result of
multiphoton absorption one can observe a slowly decreasing long energy deposition tail after the initial very fast decay. This
can yield relatively deep penetration of low intensity background prepulses in the case of altrashort pulse irradiation.

If the pulse energy exceeds the threshold, the electron density near the surface becomes larger than the critical value 7,
and a plasma mirror is formed, which means that the laser radiation cannot penetrate into the tissue. Nevertheless, within the
skin depth laser radiation produces more free electrons. These new free electrons continue to be relatively cold due to losses of
laser energy for ionization. High plasma density and low electron energy result in high absorptance (of 50% and up) within
the skin depth. With the increase of the electron density the skin depth decreases. When all the electrons are ionized, the skin
depth can be calculated as

A

B S — 3
2asfnIn, ©

where n, stands for solid state density. After all of the electrons are ionized energy absorption results in electron heating and
a fast drop of the absorption efficiency. This is an indication that an optimal energy for plasma mediated tissue ablation
exists in case of ultrashort laser pulses. Experimental determination of the optimum energy has yet to be done.
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Fig. 3. Effective absorbence in materials for various pulse durations.
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At the end of the laser pulse, the absorbed energy is transferred to the lattice on the time scale of picoseconds. The laser
energy density at the breakdown threshold on the tissue surface is well above the molecular binding energy. Therefore, the
- tissue within the heated layer can be considered as a gas. The subseguent process of material ejection and crater formation has

" a universal nature and is independent of details of the tissue structure and molecular composition.

4. EXPERIMENTAL RESULTS

Figure 4 presents the results of ablation threshold measurements for collagen gels dyed to have different linear absorption
-and porcine cornea. Notice that the ablation thresholds for corneas and coliagen gels follow the trends predicted by optical
breakdown thresholds predicted in the previous section. For absorbing gels, nanosecond laser ablation produced no noticeable
plasma. However, with the decrease in pulse duration, more and more noticeable plasma was detected. Picosecond ablation
was unavoidably mediated by plasma independent of material properties. The ablation threshold for porcine cornea in the
nanosecond pulsewidth range (75 J/cm?) is about 1000 times higher than the ablation threshold for black gel (0.074 J/cm?).
In the femtosecond puisewidth range this difference decreases to only a factor of 6. Thus, the ablation thresholds for
transparent and nontransparent tissues converge at shorter pulsewidths. Ablation thresholds for transparent commea can be
described approximately as a square root function of laser pulse duration with a deviation in the femtosecond range. Similar
findings were reported by Puliafito et al. for photodisruption of human comeas!. The ablation threshold for black gel is
practically independent of laser pulse duration.

Ablation Threshold [J/cm?)
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Fig. 4. Ablation threshold fluence as a function of laser pulse duration

for various materials: (a) porcine comea ( i, =0), (b) clear collagen gel
with no cupric chloride (p2,=0.01 / cm), (c) collagen gel with cupric
chloride ( p,=22 / cm), and (d) collagen gel with high concentration of
carbon black (#£,=1000 / cm). Laser fluence was gradually increased
until the moment when a microscopically detectable crater was observed
after 10 laser pulses.
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Fig. 5. Siress ransient induced in collagen gel (1, =76 / cm) by 350 fs
pulses at 1053 nm with a fluence of 0.37 J/cm? (about 3 times the
ablation threshold). Pressure magnitudes were normalized by the factor
R/t where R is the distance at which the stress was detected and r is the
radius of the laser beam.

Figure 5 presents the stress transient measured by the lithinm niobate acoustic transducer due to femtosecond laser
abiation of CuCl, colored gel. The negative stress detected by the piezoelectric transducer is an artifact associated with the
diffraction of ultrasonic waves!’. The laser beam, focused to a spot of diameter 350 um, produces a spherical wave at the
surface of piezoelectric element, located at the distance of 6.95 mm relative to the irradiated surface. The effect of a spherical
wave on our relatively wide detector (3 mm diameter) is to simulate a "false" negative stress. When one comrects for the
diffraction effect, the acoustic signal has the profile shown by the dashed line. The maximal amplitude of the recorded
transient shock wave is about 700 bar, and the maximal shock gradient is 30 bar/ns or 19 bar/um.

Figure 6 demonstrates the acoustic transducer signal due to a 200 ps irradiation of a collagen gel. Low fluence irradiation
(0.1 J/cm?) with a wide laser beam has. induced approximately symmetrical stress transient with an amplitude of
approximately 6 bar. A plasma was not observed in this case. High fluence irradiation (8.5 J/cm?) produced optical
breakdown on the surface of gel and subsequent plasma mediated ablation. This fluence was about 3 times higher than the
ablation threshold for the collagen gel. In contrast to 350 fs pulse ablation (Fig. 5), the plasma mediated ablation by a 200
ps pulse has given rise to a shock wave of more than 20 kbar amplitude. The pressure of 21 kbar was calculated based on
spherical spreading of the ultrasonic wave. Such a strong shock propagating through the tissue could produce a substantial
mechanical damage to the medium around ablation crater. Even after attenuation of higher ultrasonic frequencies by the gel
and quartz the detected shock front has a maximal gradient of 150 bar/ns which comresponds to 100 bar/um. Note that because
of the nonlinear propagation of high amplitude acoustic waves, the arrival time of the high amplitude stress wave at the
acoustic detector is 440 ns eartier then the arrival of the low amplitade stress wave.
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Fig. 6. Stress transients induced in collagen gel (1,=76 / cm) by 2
200 ps pulse of a Nd:YAG laser.

Figure 7 illustrates typical craters produced by nanosecond and subpicosecond puises. There appears to be much more
thermal damage for the longer nanosecond pulses. For ultrashort pulses, collateral damage is practicalily absent. A clean and
smooth crater is produced as shown in the left part of Fig. 7a. The ablation rate of 6 to 8 um/pulse is reasonably insensitive
to the initial linear absorption coefficient, the pulse width and the laser fluence provided that the fiuence is greater than a few
times the ablation threshold.

(@ ®)

Fig. 7. Craters produced in a clear collagen gel by plasma mediated
ablation with one pulse of a Ti:sapphire laser at 1053 nm. Parameters
of irradiation: (a) 350 fs, 2.3 Jem®; and (b) 1 ns, 21 J/em? laser

pulses. -
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5. DISCUSSION

Plasma mediated ablation of collagen gels and porcine comeas was studied at various laser pulse durations in the range
from 1 ns to 300 fs at 1053 nm wavelength. Analysis of recoil stress kinetics and amplitudes in combination with optical
microscopy revealed the following differences between (sub)nanosecond and subpicosecond irradiation regimes.

(1) The ablation threshold was measured as a function of laser pulse duration for corneas and a variety of gels. In the
ultrashort pulse range, optical breakdown is initiated by multiphoton absorption and consequently is insensitive to the linear
absorption coefficient. In contrast, absorption in the long pulse regime can be dominated by the material properties leading to
significant variation in ablation threshold.

(2) The amplitude of shock waves and their front stress gradients were higher for long puises than for ultrashort pulses.
Additional studies of the competing processes of shock wave formation and attenuation are needed to clarify the effects of laser
pulse duration on tissue mechanical damage.

(3) Optical microscopy demonstrated that high quality ablation craters with no thermal or mechanical damage to
surrounding material can be obtained with 350-fs laser pulses. On the other hand, nanosecond ablation has produced uneven
craters with significant damage outside the focal spot. This suggests that subpicosecond plasma mediated ablation has some
advantages for laser microsurgery of transparent human tissues. Further studies have to be devoted to the comparison of
various mechanisms for precision removal of biological tissues in terms of efficiency and thermomechanical damage adjacent
tissues.

6. CONCLUSION

We have explored, experimentally and theoretically, the process of tissue ablation by ultrashort pulses. Several aspects
of the plasma mediated ablation with subpicosecond pulses could be helpful in cases where precise tissue ablation is desired.
First, the ablation threshold becomes insensitive to material properties as the pulse length decreases into the subpicosecond
regime. Second, the ablation threshold decreases gradually with decreasing laser pulse duration. Third, for short pulses the
ablation crater has sharp well defined edges with a size characteristic of the laser focal spot. Fourth, Iaser energy is absorbed in
a very thin layer even in transparent media, and therefore, ablation depth can be controlled with the precision of a fraction of a
micron,

These results are still preliminary. Further research needs to be done to understand: what happens to the energy after it is
deposited by the laser, how the energy couples to the medium, how the tissue is ablated, how the transient stress is generated,
how the stress wave propagates into the tissue, and how the collateral damage occurs.
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