such as calculi and teeth. We investigate ablation mechanisms of the lasers to achieve higher ablation effect for

hard tissues.
2. Experiment and Discussion

We used an experimental setup shown in Fig. 1 to irradiate a hard tissue model with the two different
lasers light. Ho:YAG (A=2.1 um) and Er:YAG (A=2.94 um) laser lights are combined by using a dichroic mirror
and the laser beam is focused by a =100 mm CaF, lens on the input end of a short hollow-fiber tip (100 mm in
length) employed as a coupling optics. A hollow optical fiber with an inner diameter of 0.7 mm is butt-coupled to
the short fiber that has the same diameter. The hollow fiber is coated with silver and cyclic-olefin polymer (COP)
thin film on the inside and the thickness of COP is 0.3 um so that the transmission losses for both of Er:YAG and
Ho:YAG lasers are reduced by interference effect of the polymer film that acts as a reflection enhancement
coating. The transmission losses of the hollow optical fiber used in the experiment are 1.0 dB for Ho:YAG and
0.5 dB for Er:YAG laser light.

The distal end of the hollow optical fiber is capped to keep the inside of fiber from vapor and debris of
the ablated tissues. We used silica glass caps with a half ball shape. The focusing effect of the lens-shaped cap
enables highly efficient ablation owing to the high energy intensity at the focal spot. The focal length of the cap is
1.0 mm from the end surface and the insertion loss is around 15%.

The emission timing and repetition rates of the pulses of the two lasers are controlled by an external
trigger source and a delay line. To evaluate the ablation capabilities, we radiated lasers onto human teeth and
alumina (Al,0;) ceramic balls used as a hard tissue model. We observed the ablation phenomenon by using an
ultra-high-speed camera that has a capture speed of 50,000 frame/sec to investigate the ablation mechanism.

Firstly, we measured the depths and widths of ablated holes on alumina balls. We used alumina balls
which are 4 to 6 mm in diameter and they had been soaked in water more than over night prior to the experiment.

CaF, lens Hollow optical fiber
(=100 mm) (0.7 mm¢ X30 cm)
Ho:YAG """/.::: zzzz ==
1
! Coupler Sealing cap Hard tissue model
1

Er:-YAG [ --- / (Al203)

Delay Trigger pulse

Fig. 1 Experimental setup with dual-wavelength laser
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The pulse energies used in the experiment are 200 mJ and the pulse widths are 250 ps at the repetition rates of 3
Hz. The measured depths and widths as a function of pulse number are shown in Fig. 2 and cutting sections of
ablated holes after 30 pulses are shown in Fig. 3.

It was found from the results in Fig. 2 that the widths are comparable for the both lasers and that, in
contrast, the depths show clearly different appearances between the two lasers. When irradiated with the
Ho:YAG, the depth saturated at large pulse numbers. This is because the energy density of the laser beam is
getting lower than the ablation threshold of hard tissues when the beam spreads due to focusing effect of the lens
cap. This happens in lower energy density for the Ho:YAG laser because of the lower absorption coefficient in
water. For the Er:YAG, the depth increased linearly with the pulse shots because of the higher absorption
coefficient in water.

Next we tested the ablation effect of the two lasers when they are simultaneously radiated. We change the
delay time between the two lasers and observed the effect on ablation of ceramic balls. The pulse energies are 100
mJ for the both lasers and we compared the ablation depths with those made by the Er:YAG alone with a pulse

2 ¥ i T i T i 3 T T T T T T
g g ?
=5 =
2 1 &
-2 -]
o g
) 21
3 o
= o
< <

0 L | i ] i i 0

0 10 20 30 0 10 20 30
Number of pulses Number of pulses

Fig. 2 Width and depth of ablated holes as a function of number of laser pulses

(a) Ho:YAG (b) Er:YAG

Fig. 3 Cutting sections of alumina balls after ablation of 30 pulses shot
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Fig. 4 Depths of ablated holes as a function of delay time

energy of 200 mJ. Figure 4 shows the depths of ablated holes as a function of delay time between the two lasers.
The positive delay time means that we radiate the Ho:YAG before the Er:YAG. It is clear that the depths are
highly dependent on the delay time and when irradiated with the delay time of =500 us or smaller, depths
drastically change with the delay. The largest depth is obtained at the delay time of 200-300 ps and obtained
depth is 40% larger than that generated by the sole radiation of the Er:YAG laser.

To investigate the ablation mechanism of dual laser radiation, we observed the ablation phenomenon by
using an ultra-high-speed camera. Alumina balls were irradiated with laser pulses and the moment of ablation at
the surface was recorded at 50,000 frame/sec of capture speed. Figures 5 (a) and (b) show the ablation
phenomenon with (a) Er:YAG and (b) Ho:YAG lasers alone and (c) is the moment of an Er:YAG pulse shot after

(a) Ho:YAG (b) Er:YAG (c) Ho:YAG and Er:YAG with
a delay time of 200 ps
Fig. 5 Moment of ablation with Ho:YAG and Er:YAG lasers
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a Ho:YAG with a delay time of 200 ps. When irradiated with Er:YAG laser light, powdery dust are scattered from
the surface immediately after laser radiation. This is because the laser energy is absorbed in very surface of the
ball. On the other hand, for the Ho:YAG laser, relatively large debris are sputtered. The laser beam penetrates
into the ball and an explosive ablation occurred from the inside.

When an Er:YAG pulse is emitted after a Ho:YAG pulse (Fig. 5 (¢)), large fragments were scattered. The
Ho:YAG pulse that was radiated beforehand is absorbed and generates the heat. This causes decrease of
absorption coefficient of water [S] and, as a result, Er:YAG laser beam can penetrates into the ball. In contrast,
when a Ho:YAG pulse was shot after an Er:YAG, powdery dust were generated by Er:YAG and, after that, small
debris were slightly sputtered from the surface. This is because the powdery dust scattered the most of the laser
energy of delayed Ho:YAG pulse. As a result, the smallest depth was obtained in this case.

Next, we observed the heat generation during ablation of the alumina balls by using a thermographic
camera. Figure 6 shows the thermal images of cutting sections of balls soon after laser radiation. When irradiated
with Er:YAG laser, most of the pulse energy changed into the heat and stayed at the surface. In contrast, with the
Ho:YAG laser, the energy penetrated deeper and therefore the induced heat diffused in a large area. This result
comes from the difference of absorption coefficients and this is one of the reasons why the ablation with Ho:YAG
occurred from the inside as shown in Fig. 5(a). At the optimum condition in Fig. 4 where the Er:YAG is emitted
after Ho:YAG with a delay time of 200 ps, the heat was generated in deeper area before the Er:YAG pulse shot.
This causes decrease of absorption coefficient of water and the Er:YAG laser beam penetrates deeper into the

ball. Thermal lens effect may give an effect on deeper penetration as well.

110°C

s

(a) Original

30C

PR 5« R N

’

(c) ErYAG (d) Ho:YAG and Er:YAG with
a delay time of 200 s

Fig. 6 Thermal images of cutting sections of balls after laser pulse
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We also applied dual-wavelength laser
radiation on human teeth. We sliced human
tooth to the thin pieces with a thickness of 0.3
mm and radiated laser pulses on them. Figure
7 shows the cutting section of human tooth
after laser irradiation of 5 pulses with a
repetition rate of 3 Hz. When irradiated with

two lasers, we obtained 15% larger depth than 05
irradiated with Er:YAG only. On the teeth - ' —
samples, we observed ablation effect that is (a) Er:YAG 200 mJ)  (b) Ho:YAG (100 mJ) and
similar to the ones for alumina balls and at the Er:YAG(100 mJ, 200 ps delay)
optimum condition described above, we Fig. 7 Cutting section of human dentin after laser irradiation

obtained deep and sharp ablation holes on the
teeth.

3. Conclusion

Laser ablation experiments on hard tissues are performed by using a combined beam of Ho:YAG and
Er:YAG laser light. An alumina ball is used as a hard-tissue model and ablation phenomenon are observed by an
ultra-high-speed camera. The results show that the two lasers give different ablation effects due to different
absorption coefficient in water contained in the tissues. When the two lasers are combined and the sample is
irradiated with them, we observed that ablation capabilities are highly dependent on the delay time between two
lasers and when Er:YAG laser was radiated after Ho:YAG with a delay time of 200 ps, 40% higher depth of
ablated hole is made. We suppose that the Ho:YAG pulse induces heat and this causes decrease of absorption
coefficient of water. And therefore, Er:YAG laser beam can penetrates deeper from the surface.
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Abstract

Vitreous film based on the structural unit R,SiO, where R is an organic group, is newly used as
the reflection layer in the hollow optical fiber for CO, laser delivery. A smooth vitreous film is formed
at room temperature by using the liquid-phase coating technique. The vitreous film-coated silver
hollow optical fibers achieve low-loss property for lasers in the infrared regions by properly selecting
fabrication conditions. A hollow fiber with thicker vitreous film designed for CO, laser light showed
acceptable loss as an output tip. It is shown that the hollow tip is of high durability to withstand

several cycles of autoclave sterilization.
Keywords: hollow fiber, CO, laser, infrared laser.

1. Introduction

CO, laser radiating at the wavelength of 10.6 um has been used as the energy source of laser
scalpel because CO; laser light has a high incision capacity as well as coagulation effect. Therefore
CO, laser has become one of the widely used medical lasers in clinician. As the transmission media
for infrared laser light, hollow optical fiber [1-3] is one of the commonly used infrared fibers. We

have been doing research on dielectric coated metallic hollow optical fiber for various industrial and
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medical lasers [4].

For the dielectric coated metallic hollow optical fiber, silver is normally used as the metallic
layer, because silver has a high reflection rate in the infrared wavelength region. Cyclic olefin
polymer (COP) [3] is one of the normally used dielectric materials. COP-coated silver hollow optical
fibers obtained low-loss property not only in the infrared region but also in the visible region.
Simultaneous delivery for infrared and pilot laser beam is possible by using this kind of hollow fiber.
In medical laser treatment through hollow optical fiber, CO, laser irradiated the diseased tissue with
the distal end of the fiber contacting the target. Therefore durability of the hollow fiber is important.
Hollow optical fiber tip is often sterilized by an autoclave treatment for medical applications after
irradiation. COP-coated hollow optical fiber has an obvious deterioration after the sterilization
streatment. This can be cause by the somewhat weak adhesion between COP and silver layer.

In this paper, we report the inorganic material coated on silver hollow optical fiber for CO, laser
delivery. Normally, inorganic materials have higher temperature capability and stronger adhesion to
silver layer. The inorganic material is a vitreous layer that is formed by using an OC-300 [5, 6]
solution. A smooth hardened film can be formed on the silver layer with the treatment of hardener
solution at room temperature by using liquid-phase coating technique. The OC-300 coated hollow

optical fiber shows stronger durability in medical application.

2. Inorganic coating material for hollow fiber

We tried to use an inorganic material OC-300 [5, 6] as the dielectric film. OC-300 is a
semi-inorganic polymer which is originally developed as a protecting painting for outside wall of
buildings or ground floor. It is a commercially available product, which is sold in a two-solution set.
OC-300 is the trade name of the coating material. It is a semi-inorganic polymer based on the
structural unit R,SiO, where R is an organic group. The material is characterized by wide-range
thermal stability, water repellence, and physiological inertness.

In the two-solution set, one is the main paint solution and the other is a hardener solution. When
the main solution is mixed with the hardener solution, a hardened vitreous film can be formed with
the catalysis of water in the air. Figure 1 shows the procedure of the vitreous film formation. The film
has properties similar to that of a SiO, film.

In this research, the mixing rate of the main paint solution and the hardener was 10:1. The
concentration of OC-300 solution is calculated by considering mixing ratio of the above solution and
the paint thinner. The final solution is mixed by using a magnetic stirrer for about five minutes. And
the solution is stored for a couple of hours to become stabilized before used in liquid-phase coating

process. Comparing with the COP solution, the OC-300 solution has a lower viscosity.
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Figure 1. Structure of OC-300 coated silver hollow optical fiber

3. Fabrication and transmission property

We use chemical deposition method to plate silver layer on the glass capillary. The silver layer
has a smoother surface when we pretreated the inner surface with a SnCl, solution. This is a guarantee
for high performance hollow optical fiber. Details of the process had been described elsewhere [3].

The dielectric layer is important for a low-loss fiber. Liquid-phase coating method [7] was used
to coat an OC-300 layer. The merit of using OC-300 as the dielectric layer is not only for its proper
refractive index nearer to the optimum of 1.41 but also for the low temperature of film formation. This
property gives great credit to a high flexible hollow fiber. As we have shown [8], the flexibility of a
glass hollow fiber will deteriorate largely duo to high temperature curing process, while the process is
often necessary in many dielectric film-coating techniques.

Thick film coating of OC-300 layer for CO; laser light transmission was proved to be possible.
The viscosity of the mixed solution can be modified by changing the ratio of the two solutions. As we
have known that high viscosity leads to thicker film in the liquid-phase coating technique.
Relationship between OC-300 film thickness and the concentration of OC-300 solution is shown in
Fig. 2. The OC-300-coated silver (OC300/Ag) hollow optical fiber is 10 cm long with 1 mm inner
diameter. And the flowing speed of OC-300 solution is around 1.6 cm/min in the fabrication. After the
liquid-phase coating, the fiber was treat at the room temperature with nitrogen gas flowing through the
hollow core for 24 hour. The liquid-phase OC300 film was changed to a vitreous layer on the silver
surface. As we have known, OC-300 solution with high concentration leads to a thicker OC-300 layer.
For laser light in mid-infrared region, such as CO, laser radiating at 10.6 pm, a relatively thicker
OC-300 film of about 1 pm is required. We note that the concentration of OC-300 solution is about 65
wt% in fabricating hollow optical fiber for CO, laser light.
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Figure 2. OC-300 film thickness as a function of the solution concentration. The flowing speed of

OC-300 solution was around 1.6 cm/min and the fiber is 10 cm long with 1 mm inner diameter.
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Figure 3. Loss spectrum of OC-300/Ag hollow fiber in the wavelength region from the visible to

the mid-infrared. The fiber is 10 cm long with 1 mm inner diameter.

Figure 3 shows the loss spectrum of OC-300/Ag hollow fiber in the wavelength region from the
visible to the mid-infrared. The fiber is 10 cm long with 1 mm inner diameter. According to the
interference peaks in the visible and near infrared regions, the film thickness of the vitreous layer is
calculated as 1.2 um. The absorption peak at the wavelength of 3.5 um is caused by impurities that
contains -CH band in the main solution. The wide loss peak in the wavelength region from 8 pm to 10

pm comes from the absorption of Si-O band in the vitreous film over the silver layer. The interference
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peaks in the visible and near infrared wavelength region show a smooth dielectric layer on the silver

surface. The fiber attains low loss at the wavelength of 10.6 um for CO, laser light.

4. Durability for sterilization treatment

Figure 4 shows the transmission property of OC-300/Ag hollow fiber for CO, laser light after
sterilization cycles by using an autoclave device. The autoclave device is standard sterilization

equipment for medical applications.

1 mmé¢, 10 cm
0 3 6 9

Number of cycles of autoclave sterilization

Figure 4. Transmittance for CO, laser light of two kinds of hollow fiber after autoclave

sterilization treatment. Fibers are 10 cm long with 1 mm inner diameter.

The output of CO, laser used in the measurement was set as follows. The input power was 0.15
W. The treatment condition of the autoclave is 135°C for 25 minutes per cycle. The humidity and the
pressure in the sample chamber of the autoclave are 100% and 2 atmospheric pressure, respectively.
Transmission properties of a silver coated hollow optical fiber are also added for comparison. Data
came from around three samples for each kind of hollow fiber. After each autoclave treatment cycle,
samples are dried at room temperature for 30 minutes while nitrogen gas flowing through the hollow
core at a lowing flowing rate of 100 ml/min. Then the next measurement and sterilization cycle was
conducted. This drying process was taken to evaporate the water remained inside of the hollow core
of the fiber during autoclave treatment. Without the drying process, damages occur on the dielectric
layer of the hollow optical fiber when CO, laser light is delivered. Because water on the inner surface
absorbs the CO, laser light energy and instant temperature is as high as several hundred degrees

centigrade. Vitreous film or even the silver layer can be broken due to the high temperature.
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We note in fig. 4 that Ag only hollow optical fibers have low transmittance and obvious
deterioration after autoclave treatment. Temperature and humidity in the autoclave caused secession
between silver layer and the glass surface of hollow optical fiber. After several treatment cycles the
silver film deteriorated largely. On the other hand, OC300/Ag hollow optical fibers obtain obviously
higher transmittance for CO, laser light and the property was stable in several treatment circles. The
film thickness of the vitreous layer is 1.2 pm. For the 10 cm long tip, with an inner diameter 1 mm, its
loss is less than 0.5 dB. It is acceptable for most medical device used as an output tip. This means that
OC-300 adheres strongly on the silver surface and protect silver layer against humidity damage under

high pressure.

5. Conclusion

We used an inorganic material as the reflection layer in hollow optical fiber for CO, laser light
delivery. The vitreous film can be easily formed at room temperature by using liquid-phase coating
method. A thicker OC-300 film with 1.2 pm thickness was successfully coated and the fiber attained
low-loss property for CO, laser light radiating at the wavelength of 10.6 um. The loss for the 1 mm
inner diameter, 10 cm length OC300/Ag hollow fiber was 0.2 dB. The OC-300 coated hollow optical
fibers are of low-loss property and high durability. It can be used in a relatively harsh industrial

environment or used as a probe in medical field for repeating utilization in medical applications.
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Transmission Properties of Agl/Ag Hollow Optical Fibers Based on Silver-Cladding-Stainless Pipe
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