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ABSTRACT

Tissue ablation with ultrashort laser pulses offers several unique advantages. The nonlinear energy deposition is
insensitive to tissue type allowing this tool to be used for soft and hard tissue ablation. The localized energy deposition
leads to precise ablation depth and minimal collateral damage. In this paper we will report on our efforts to study and
demonstrate tissue ablation using an ultrashort pulse laser. The ablation efficiency, and extent of collateral damage for 0.3 ps
and 1000 ps duration laser pulses will be compared. Temperature measurements of the rear surface of a tooth section will
also be presented.
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1. INTRODUCTION

Plasma mediated ablation remains one of the few techniques for cuttmg and processing transparent tissue. It has
over the years been studied extensively for a wide variety of laser conditions™. In this process the laser energy is absorbed
by electrons which through collisions transfer energy to other electrons, thereby further ionizing the material, and also transfer
energy to ions, thereby leading to melting and vaporization. For nanosecond pulse duration, optical breakdown can be
initiated by heating and subsequent free electron generation of absorbing impurities. At the femtosecond pulse duration range
this mechanism can also occur but in addition the probability of multiphoton ionization is significantly increased due to the
hlgher peak intensities®. In Figure 1. we show a schematic of the process and the important mteractlon regions. Laser light
is absorbed in the produced plasma which can expand out at velocities of approximately 10" cm/s. The shock waves
generated by the high pressure pulse travel at velocities near 10° cm/s. In a nanosecond the plasma can expand ~100 pm and
lead to a decoupling between the ablation front and the critical density surface where most of the laser energy is absorbed. In
addition, this expanded plasma plume can absorb energy which increases it’s expansion velocity but contributes very little to
surface ablation. The shock wave propagates approximately 10 pm during the laser pulse and will propagate significantly
further before the rarefaction wave traveling from the front surface can reduce the pressure pulse. By contrast for 1 picosecond
pulse the plasma can expand 0.1 pm and the shock wave 0.01 pm. Effectively the tissue and plasma are stationary during a
sub ps laser pulse. This ensures energy couples into the high density material and minimizes the extent of the high pressure
pulse. Thermal timescales are long and consequently heating of the material will be sensitive to the total deposited energy
per pulse. High ablation efficiencies reduce the required per pulse energy and as we will show reduce the temperature
increase for short pulse irradiation. We will show qualitatively how the ablation craters differ for short and long pulse
irradiation and how sub-ps lasers can play an important role in dental ablation.
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Fig. 1. Relevant Timescales
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mediated ablation.

N B
N Ve d
SO NIDS
NN SN
NS, SN B
SO SN R
LN N
oA NrR

- ps—
Multi-photon
and collisional
plasma absorption




2. LASER SYSTEM WITH TUNABLE PULSE LENGTH

In the experiment a 1053-nm Ti:sapphire CPA system’ diagrammed in Fig. 2 was used as the laser source. Seed
pulses of 100 f5 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. After amplification to 60 mJ the pulses are compressed 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
continuously adjustable duration from 0.3 ps to 1000 ps (all reported pulsewidths are intensity full-width at half-maximum).
The temporal profile of the compressed pulses depends strongly on the spectral and temporal profile of the stretched pulse.
For these measurements, we compressed a near-Gaussian spectral profile to obtain temporally smooth top-hat output pulses.
This allowed us to relate the time evolution of the pulse intensity to the measured fluence. This system operated at 10 Hz
but single pulse irradiation was also possible.
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Fig. 2. Experimental set up: Laser, tissue holder, transducer, microscope, scope, computer.

The energy of each pulse was monitored with the leakage through a 92% reflectivity mirror. The rms energy
stability was typically less than 3%, 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 6%. The laser beam was focused onto the sample
using a 1-meter focal length lens. The laser spot was monitored with a CCD camera and the spatial mode at the sample had
a 98% or better fit to a Gaussian of 0.5 mm FWHM. Our estimated absolute uncertainty in fluence was 15%, but relative
values should be within 5%.

3. EXPERIMENTAL RESULTS
3.1. Ablation measurements

In order to measure the damage fluence and ablation efficiencies samples were mounted and irradiated at a range of
fluences and laser pulse durations. After irradiation, a Nomarski microscopy was used to inspect the sample for crater
formation. We defined the ablation threshold as the fluence at which a visible crater was produced after 10 pulses. Many
fluence levels (5-10) were examined above and below the ablation threshold for a given pulsewidth in order to establish the
threshold value. In Fig. 3, we present the results of damage measurements for gels with different linear absorption previously



reported in the paper by Oraevsky et al.’. The 7% collagen gels were made of gelatin AG2500 (Sigma, St. Louis, MO)
sonificated in a hot water at 60°C and then cooled down to room temperature. Aqueous solutions of Cupric Chloride w1th
low medium and high concentratlons were used to produce phantom tissues with low (1£,=0.01 cm™), medium (1,=22 cm™)
and high (1, =1000 cm™) absorbency at 1064 nm. Thin slabs of gels with dimensions of 25 mm x 25 mm x 1 mm were
prepared for experiments. Figure 3 illustrates one of the key aspects of short pulse irradiation. Specifically, the damage
thresholds for transparent and opaque materials converge at shorter pulselengths. Thus, tissue removal will be less sensitive
to the type of tissue, coating of the sample, and contamination of the sample for ultrashort pulses. This has important
ramification for surgical procedures where strong absorption differences exist and high irradiation fluences could lead to
collateral damage.
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Fig. 3. Ablation threshold fluence as a function of laser pulse duration for various matenals (a) collagen gel (11,=0.01 cm™),
(b) collagen gel (11,,=22 cm™), (c) collagen gel (1,=1000 cm™).

In order to evaluate the relative efficiencies of short and long pulse irradiation we measured the fluence required to
ablate 1 pm/pulse of gel and enamel. In this experiment the ablation rate was measured by doing 100 to 500 shots on the
sample and then measuring the crater depth using the Nomarski microscope. The depth of the crater could be measured to 32
pm. In Fig. 4 we show the required fluence for the two materials and pulse durations. For both materials the short pulse
efficiency is an order of magnitude higher. As we previously discussed the primary reason for this is that in long pulse
ablation more of the energy goes into heating and expanding the low density plasma than vaporization of the high density
material.
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Fig. 4. Necessary fluence to achieve 1pum/pulse ablation rates of clear collagen gel (11:=0.01 cm™), and enamel.



The craters produced by laser ablation show clear differences between short pulse and long pulse irradiation. In
Figures 5 we show typical craters produced in collagen gels. For short pulse irradiation a clean smooth crater is produced
with no evidence of thermal or mechanical collateral damage. In Figure 6 we compare the ablation craters produced in tooth
enamel. Again short pulse ablation produces clean craters with no evidence of cracking and no thermal damage away from the
crater site. In contrast, long pulse irradiation shows irregular craters and large cracks produces by thermal and mechanical
stresses generated during the ablation process. Similar results were obtained when other tissue types including bone,
cartilage, nail and heart tissue were ablated.

Fig. 6. Craters (and edge of craters) produced in enamel by 0.3 ps (left) and 1000 ps (right) laser pulses.

In addition, to producing clean craters the sharp threshold and accurate ablation rate allows us to easily model the
shape of the ablation crater produced by short pulse ablation. From experimental measurements we find that ablation rate can
be approximated by the expression
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where [ is the surface intensity and I7pis the threshold intensity. For dentin Ip,~1.5x10" W/cm® and @,~1.5 pm. It’s
important to note that the surface intensity changes as the crater is drilled and can be related to the laser beam profile I, by
the expression I = I, cos(0) where
1
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and zZ(7)is the crater shape. In Figure 7 we show the crater evolution using this model and an initial Gaussian beam
profile. The calculated shape is in good agreement with the experimentally produced crater also shown in Fig. 7. By
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adjusting the initial beam profile it should be possible to tailor the crater shape. Again this is only possible because of the
lack of collateral damage in short pulse ablation and the precise ablation rate.
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Fig. 7. Irradiation geometry (left) used to study crater shape. Middle picture shows measured crater which has a shape in
good agreement with model predictions (right).

3.2. Temperature measurements in tooth enamel ablation

In order to measure the deposited energy and assess the possibility of using short pulse Iaser for dental procedures
we performed an experiment to measure the time evolution of the temperature at the rear surface of a 1 mm tooth section
during ablation. The temperature was measured using a calibrated infrared camera which directly imaged the rear surface. In
Fig. 8 we show the temperature increase at the rear surface of a 1 mm thick section of teeth. During short puise ablation the
temperature increase is 2.5°C. The curve is in good agreement with a three dimensional heat conduction model that assumes
a continuous energy deposition of ~2 W/cm® (i.e. 7% of incident energy is left as thermal energy). For long pulse ablation
the temperature increase is 20 °C which would limit it’s use for dental applications where temperatures increases of 5°C can
lead to damage to the pulp. For a more detailed discussion of our modeling of thermal transport in dental ablation see the
paper by R.A. London et al. in these proceedings.
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Fig. 8. Temperature evolution at rear surface of 1 mm thick dentin slice for 0.3 ps (solid) and 1000 ps (dashed) laser
irradiation.




5. CONCLUSION -

We have demonstrated experimentally the advantages of short pulses for soft and hard tissue ablation. First, the
ablation threshold is insensitive to the material absorption coefficient. Second, the ablation surface is clean and collateral
damage is minimal. Third, the comparatively high ablation efficiency leads to minimum heating of the tissue which could be
particularly important for dental applications of this technique.
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