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ABSTRACT
For intracorporeal CO2 laser surgery, the laser beam is usually delivered through long focal length optics coupled to an
operating microscope or an endoscope. While the target tissue is in focus for viewing, the power density in the spot of
the beam can be affected by defocusing or irradiating tissue under a small angle ofincidence. When the beam is used to
drill a channel (e.g. transmyocardial revascularization, TMR), the power density along the beam will determine the
shape ofthe channel.
The area for effective ablation was studied for an ultra-pulsed CO2 laser beam in combination with devices
accommodating optics with focal lengths of 120 to 450 mm. The position ofthe ablation threshold along the waist of
the beam in water and crater depths in (model)tissue were determined in relation to pulse energy (1-250 mJ) and angle
of incidence. The crater formation during ablation of the model tissue and lateral thermal effects were recorded using
fast photography and a thermal-imaging method based on Schlieren techniques. Using Gaussian beam theory, the
ablation area in the beam ofthese optical systems was calculated.
For the highest energies, the ablation area extended over a length up to 60 mm resulting in the formation of channels of
similar length within several pulses. In the waist of the beam, the channels were only 100 - 300 im with minimal
thermal effects laterally. Away from the focus, more pulses were needed, larger diameter channels were formed and
thermal effects became more pronounced. The theoretical predicted ablation area was in correspondence with of the
measurements.
For the beam delivery devices StUdied, tissue effects are along the 'depth of focus' ofviewing due to the relatively long
'ablation waist' of the focused laser beam. However, for superficial applications, the depth of the narrow ablation
craters is hard to appreciate and tissues in the depth can easily be perforated. Ablation is more controlled using larger
spot sizes (>0.5 mm) and delivering intermitted pulses with energies above ablation threshold

1. INTRODUCTION

For most medical applications CO2 laser light is still delivered through articulated arms with focusing optics at the end.
Using optics of various focal lengths, it is possible to irradiate tissues through rigid tubes inside the body. Recently,
flexible fiber delivery devices have become available. However, these devices have to be improved before they will be
accepted for general medical applications and replace the present delivery systems. For the time being, it is important
to understand the characteristics of the focusing delivery devices to control the resultant effect on the tissue. Focusing
optics for the CO2 beam allow large variation of the power density at the tissue surface. It is useful to know within
which part of the focused beam the threshold for effective tissue ablation is exceeded. In a previous paper [1], the
characteristics and the related tissue effects of focusing handpieces, as used for superficial applications, have already
been discussed. This study will extend the scope to focusing delivery devices coupled to operating microscopes and
endoscopes used for intracorporeal applications. Especially, irradiating tissue 'from a distance' using these delivery
devices, it is hard to estimate the effect underneath the tissue surface. Due to the charactertics ofthe focused beam, the
power density in the center may exceed the ablation threshold heating the tissue instantly to 100 °C and turning the cell
water to vapor in an explosive way and forming a crater. The depth of this crater is hard to appreciate through the
microscope and might extend several millimeters damaging vital structures like arteries and nerves. In this study
calculations and measurements were performed to determine the area of ablation within the beam of various focusing
delivery devices depending on the pulse energy.
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2. DELIVERY DEVICES FOR CO2 LASERS

The calculations and measurements in this study were performed using an ultra-pulsed CO2 laser system (Coherent
5000L). The system produces a peak power of 800 W within a few ofmicroseconds. By extending the pulse length up
to a millisecond, energies up to 250 mJ can be reached. The beam from the laser, at the entrance ofthe optical system,
is assumed to have a diameter of 6.5 mm.

Various delivery devices were coupled to the system as shown in figure 1:
A. Focusing handpiece for superficial applications, f= 1 19 mm, spot size : 0. 1 -3.0 mm
B. Laparoscopic coupler (Nezhat, Coherent), f= 400, spot size : 0.3 mm
C. Microscope manipulator (Clearspot 160, Coherent), f= 400 mm, spot size : 0.25 -8 mm.

3.1 Tissue ablation threshold
The interaction of CO2 laser with tissue has extensively been described by McKenzie [2]. The ablation threshold of
tissue is defined as the threshold for vaporization of water since water is the main content and absorber in the tissue.
For the cw laser the threshold power density is near 0. 1 W/mm2 . For pulsed lasers with pulse duration below 1 ms,
heat diffusion during the pulse can be neglected. With a absorption coefficient a = 100 mm' , the penetration depth
into tissue is 40 pm, resulting in a threshold power density near 30 mi/mm2

3.2 Gaussian beam characteristics
The beam radius w(z) depending on the distance z from beam waist w0 of a focused beam for various delivery systems
can be calculated using Gaussian beam optics according the formula on the top of figure 2. The power density
distribution through the beam at a particular distance z from the waist is represented by the formula on the bottom of
figure 2 and a graphical example is given in figure 3. The diameter of the beam and the shape of the beam are defined
by the e2 level relative to the maximum power density (in the center) of the beam.
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3.3 The 'ablating' beam
Next to the Gaussian beam shape, we can define the 'ablating beam' shape which is the diameter of the beamwhere the
power density I(z,r) exceeds the threshold level. The outline of this ablating beam can be found by determining the
points were the power density I(z,r) = 30.
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Figure 2: Gaussian beam profile and profile ofthe 'ablating beam'.

In contrast to the Gaussian beam shape, the shape of the ablating beam will depend on the pulse energy P. The
elliptical line in figure 2 represents the beam profile ofthe ablating beam for a 1 19 mm handpiece and a pulseenergy
of2O mJ. In principle, the tissue that comes within the range ofthis area will be ablated. Near the waist, the diameter
ofthe ablating beam is larger than the Gaussian beam. This means that the theoretically definedspot size (e2 level) at a
tissue surface is not representative for the actual diameter of the area that will be ablated as shown in figure 3 fora
distance of 3 mm from the focus. The ablating spot in the waist is larger then the 'Gaussian' spot, even going down
from 20 to 1 mJ. The part ofthe spot below the ablation threshold will contribute to the heating ofthe tissueresulting
in coagulation and dehydration.
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Figure 3: For a 20 mJ pulse, the diameter ofthe size ofablating beam at 3 mm from the focus is larger than the size of
the Gaussian beam.
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4. CALCULATIONS

4.1 Depth of ablation area
The length ofthe 'ablating area' ofthe beam, which can be considered the depth to which a beam is capable of ablating
tissue when focused on the surface, was determined for the various focusing delivery devices. The depth ofthe ablation
area is presented in figure 4 in dependence ofthe pulse energy.

4.2 Ablation area of delivery devices
For a pulse energy of 250 mJ the 'ablation beam' area for the handpiece (f=1 19 mm) and the laparoscopic coupler
(f=400 mm) were determined. For comparison the results are graphical presented next to each other in figure 5.The
influence ofthe focal length on the ablation depth is dramatically.

Figure 4: depth ofthe ablation area in dependence of
the pulse energy
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5. EXPERIMENTS

5.1 Determination of ablation threshold
The beam from a focusing delivery device was pointed perpendicular on the surface of water. The device could be
translated up and down along a ruler showing the distance to the water surface. Using a thermal-imaging method based
on Schlieren techniques [3], the thermal energy dissipated just below the water surface was visualized as a colored rim
as long as the power density in the spot was below the ablation threshold. The moment the 'ablating area' ofthe beam
was moved within the range of the water surface, a thin layer of water vaporized explosively. At that moment, the
colored rim disappeared and a snapping sound could be observed. This particular distance between the focusing device
and the water surface was reproducible and was assumed to be the 'depth' of the ablating area. This depth was
determined for a range of energies using the handpiece and is plotted along with the calculated values in figure 4. The
measurements are in agreement with the calculations up to energy levels of 100 mJ. Since the energy is related to pulse
length, it can be expected that for longer pulse duration (>500 j.ts) heat conduction already starts playing a role making
ablation less efficive.

5.2 Effect of beam expander on focus length and ablation range
The range of ablation was also determined for the microscope manipulator similar to the method described in the
previous paragraph. Using the telescopic lens configuration, the diameter of the spot on the tissue can be varied from
0.25 to 8 mm as illustrated in figure 6 (right). A handle can be moved from position 1 to 5 resulting in a change of the
focal length of the lens system. This large variation in spot size has a major impact for the power density and the
resulting tissue effect. The graph on the left in figure 6 shows the range of the ablation area for 10 mJ pulses for
position 1 - 5 . Only the ablation area of position 1 reaches the tissue and is within the focus of the view through
microscope (400 mm)

Figure 6: focus length and ablation
area of the microscope manipulator
depending on handle position.
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5.3 Imaging ablation depth
Using a high-speed video imaging method, the creation of the ablation crater in a transparent tissue model was
captured. The 50 s still frames showed water vapor formed during ablation creating fractures in the structure of a
polyacrylamide gel. From these images, the ablation area in the tissue can be determined. Figure 7 shows various
craters formed in gel irradiated with a train of pulses through the microscope manipulator between position 1 (crater
most right) and position 2 (crater most left). The major scale in the background has 5 mm divisions. At position 1, in
focus ofthe beam, a 30 mm deep crater is formed by a train of5 pulses of250 mJ.

Figure 7: Craters formed gel for
various spot sizes at the surface
with scale of 5 nim divisions on
the background.

6.1 Clinical implications
The extent ofthe ablation area, as determined in this study, is strongly dependent on the pulse energy and focal length.
The depth of a crater in the tissue depends on the position of the tissue within the 'ablating area' of the beam. As can
be illustrated with figure 5, the position ofthe tissue is critical for a focusing handpiece since the ablating area is only
a few millimeter long. For the laparoscopic coupler, the position is less critical but one has to be aware that a crater of
many millimeters depth can be fonned in one pulse.
One pulse does usually not contain enough energy to ablate the total volume of the 'ablating' area, but a short train of
several pulses can easily drill 20-30 mm into the tissue (figure 7). However, the diameter of the crater at the tissue
surface can be small (< 0.5 mm). This makes it impossible for the surgeon to appreciate the effect into the depth. Only
knowledge of the dosimetry will enable the surgeon to perform his operation in a controlled way preventing unwanted
damage in the depth outside the field of view.

6.2 Moses effect
For laparoscopic procedures using CO2 lasers, the surgeons are trained to make use of backstops when cutting through
structures to prevent damage to under laying tissues. Besides the heat resistant surface of an instrument, a layer of
saline or blood can be used to absorb the energy of the laser beam. However, this method is based on the experience
using continuous wave CO2 lasers. Pulsed CO2 lasers, however, are capable to create tunnels up to 30 mm long
through a layer of liquid as illustrated in figure 8 for one 250 mJ pulse. This phenomenon has been named the 'Moses'
effect. Due to this opening, the beam can still cause damage to tissue underneath the liquid layer. Since the whole
phenomenon takes place within 1 ms, the surgeon will not be aware of this effect.
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Figure 8: Using the fast imaging
technique, the presence of a tunnel in
water could be captured during a laser
pulse of 250 nil focused
perpendicularly on a water surface.

6.3 TMR application
Although the long range ofthe ablation area for some ofthe delivery devices gives rise to caution for using them, it can
be very useful for transmyocardial revascularization or TMR. This method is under investigation as an alternative
procedure for bypass surgery for ischemic heart diseases. The focusing delivery devices with a long 'ablating area' can
be used to create channels 20-30 mm deep through the myocardium within 100 ms seconds similar to the most right
crater in figure 7.

7. CONCLUSIONS

The long 'ablative waist' oflong focus beam delivery devices has to be appreciated in view of:
S the creation of deep narrow channels in tissue beyond view
. damage to tissue in the depth of focus

. the ability to replace fluid ('Moses effect") placed as backstop above tissue
I
Tissue ablation will be more controlled using larger spot sizes and delivering pulses intermittently for visual feedback
in between. Thermal side effects can be minimized by using energies above ablation threshold and having sufficient
relaxation time between pulses or pulse trains.
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