and the repetition rates are 10 Hz for the both lasers. Figure 7 shows measured quantities of ablation when the
two lasers irradiate the sample simultaneously and independently. The result “independent” is the sum of the
ablation weight for the two lasers that were separately measured. The ablation quantities linearly increase with
number of laser pulses and we found that the ablation efficiency is around 20% higher in the simultaneous
irradiation. Figure 8 shows cutting sections of alumina balls ablated with Ho:YAG and Er:YAG lasers. With the
Er:YAG laser light, the ablation proceeds to depth direction and the stress of the ablation brings destruction of
the surface. For the Ho:YAG laser, in contrast, ablation uniformly occurs in lateral direction. When these two
lasers irradiate the tissue simultaneously, the ablation occurs in both of depth and lateral directions and, as a

result, the high ablation capability is obtained.
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Fig. 7 Ablation weight after irradiated with two lasers simultaneously and independently
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Fig. 8 Cutting section of alumina balls ablated with Er:YAG and Ho:YAG lasers
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3. Conclusion

Laser ablation experiments on hard tissues are performed by guiding combined beam of Ho:YAG and

Er:-YAG laser light with a hollow optical fiber. An alumina ball is used as a hard-tissue model and ablation

phenomenon are observed by an ultra-high-speed camera. The result show that the two laser light give dissimilar

ablation effects due to different absorption coefficient in water contained in the tissues. When the two lasers are

combined and irradiate on the model, a high ablation rate is observed. In the experiments shown in this paper, the

pulses of the two different lasers are not synchronized. Much higher effect of simultaneous irradiation is

expected if they are synchronized and the pulse timing is finely tuned to maximize the effect. The experiment is

carried on in our group and the result will be reported elsewhere.
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ABSTRACT

The delivery of the radiation by thin fiber is required for some application, especially in medical internals treatment.
Therefore a new 100 pm and 250 um inner diameter hollow glass waveguides were developed and investigated for the
possibility to transport high power near infrared laser radiation without damage of these delivery systems. As laser
sources two Nd:YAG laser systems working in Q-switched regime at wavelength 1.06 um and 1.34 um were utilized.
Delivered radiation characterization was performed. By Alexandrite laser (755 nm) pumped Q-switched Nd:YAG laser
has been generating 1.06 um wavelength radiation with 6 ns length of pulse and maximum output energy 0.7 mJ
(116.7 kW). The laser was Q-switched using LiF:F* saturable absorber, Second laser system was Nd:YAG/V:YAG
microchip pumped by laser diode operating at 808 nm. The radiation at 1.3 um wavelength has been gencrated with 250
Hz repetition rate. Pulse length was 6 ns and mean output power 25 mW. Corresponding pulse energy and peak power
was 0.1 mJ and 16.7 kW, respectively, Both lasers were operating in fundamental TEMy, mode (M” ~ 1). For delivery a
special cyclic olefin polymer-coated silver hollow glass waveguides with the inner/outer diameters 100/190 pm and
250/360 pum were used. The delivery system was consisted of lens, protector, and waveguide. As results the transmission
more than 55 % and reasonable spatial profile of laser output radiation were found. From these measurements it can be
recommended using of this system for near infrared powerful radiation delivery as well as for medical treatment.

Keywords: Hollow glass waveguide, IR lasers, spatial structure.

1. INTRODUCTION

Detailed knowledge of interaction beam spatial structure can be lead to precise laser applications in the medicine,
industry, and also their use in research laboratories. Generally an articulated arm, optical fiber, and hollow waveguide
are used as delivery systems of laser beam. Poor manipulability of the articulated arms reduces their utilization'. And for
high power pulses, the third delivery type appears the best due to air core, high power damage threshold, low insertion
losses, no end reflection, so we focused to hollow glass waveguides.

New waveguide types are investigated and better transfer properties of hollow waveguides are still developed™®. The
interaction beam spatial structure is another significant parameter and together with dimension of waveguides can define
final application. So for ophthalmology, urology, dentistry or micro-surgery, the delivery of the radiation by thin
waveguide is requested.

In the last year, we reported delivered systems with waveguide diameter of 700/850 um’. The modification of the beam
spatial structure during the propagation through the waveguide (cyclic olefin polymer coated silver hollow glass
waveguide) was investigated for near and mid infrared radiation — 1.98 um, 2.01 pm and 2.94 pm wavelength. The
defined beam profile (approximately Gaussian mode) from the laser systems was changed into many peak structures
having dominant intensity in the center.
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The aim of the this work was to investigate the delivery high peak power near-infrared radiation (1.06 pm and 1.34 um
wavelength) by 100/190 pm and 250/360 um thin hollow glass waveguides and the modification of the beam spatial
profile, as well as the possibility of its utilization in medical application.

2. MATERIALS AND METHODS
2.1. Laser sources
2.1.1. Alexandrite laser radiation pumped Nd:YAG laser

The first Nd:YAG laser, operating at wavelength 1.06 um, was coherently pumped by Alexandrite laser (755 nm
emission wavelength, 30 mJ output energy, pulse duration 50 ps). As a laser active medium 60 mm long Nd:YAG rod
was used (1 at.% Nd/Y, diameter S mm, AR/AR-coated faces). The pumping beam was focused into this crystal by a lens
with 150 mm focal length. The crystal was placed into the 110 mm long linear resonator. The semihemispherical laser
cavity was formed by a pumping spherical mirror and by flat output coupler. The pumping mirror (radius r = 500 mm)
had high transmittance at the pumping (740750 nm) wavelength and maximal reflectance at the oscillating wavelength
about 1 um. The output coupler reflectance was 60 % @ 1064 nm. Neodymium laser was Q-switched using LiF:F,
saturable absorber (T, ~ 70 %) which was placed inside the resonator between Nd:YAG rod and the output coupler. This
configuration allows us to obtain stable well reproducible short powerful giant pulses.

Laser repetition rate of 5 Hz was done by repetition rate of Alexandrite laser power supply. The maximum output energy
(peak power) and pulse length were 0.7 mJ (116.7 kW) and 6 ns, respectively. Laser was operating in a fundamental
TEM, mode (M® ~ 1). Generated radiation was unpolarized,

2.1.2. Diode pumped Nd:YAG/V:YAG laser

The second laser system was based on diode pumped Nd:YAG/V:YAG laser microchip, operating at wavelength
1338 nm°. This laser used specially developed sandwich crystal which combined in one piece the cooling undoped part
(undoped YAG crystal 4 mm long), the active laser part (YAG crystal doped with Nd** ions, ¢ = 1.1 % Nd/Y, 12 mm
long), and the saturable absorber (YAG crystal doped with V** ions 0.7 mm long). The diameter of this crystal was
5 mm. The microchip resonator consisted of dielectric mirrors which were deposited directly on the monolith crystal
surfaces. The pump mirror with the high transmission for pump radiation and the high reflection for generated radiation
was placed on the undoped YAG part. The output coupler with reflectivity 90 % for the generated wavelength was
placed on the V' * -doped part. The total microchip laser resonator length was 16.7 mm. For this laser pumping a laser
diode HLU20F400 (LIMO Laser Systems) was used. The diode was emitting radiation at wavelength 808 nm with the
maximum output power 20 W at the end of the fiber (fiber core diameter: 400 pm; numerical aperture: 0.22). This
radiation was focused into the active Nd:YAG crystal by two achromatic doublet lenses (focal length f = 75 mm). The
laser diode was operating in pulsed regime (rep. rate 250 Hz, pulse width 300 ps, pulse energy 6 mJ) with duty-factor
7.5 % to reduce thermal effects inside the microchip laser.

Using this laser, stable and high reproducible Q-switched pulses were generated at wavelength 1338 nm. Pulse length
was 6 ns (FWHM). The output mean power was 25 mW which corresponds to single pulse energy and peak power
0.1 mJ and 16.7 kW, respectively. The laser was operating in the fundamental TEMg, mode (M* = 1),

2.2, Delivery system — hollow glass waveguide

In this work, a polymer coated silver hollow glass waveguides were utilized as the delivery system. The waveguides
consist of a fused silica glass tube coated inside with silver layer covered by a dielectric layer. This layer enhances the
reflectance of transmitted light on the inner surface of the waveguide. As dielectric coating material, a cyclic olefin
polymer (COP) was chosen. The thickness of dielectric film can be realized from 0.1 pm depending on the transmitted
wavelength of radiation. The COP silver hollow glass waveguides were successfully produced with the length up to 2 m
and with 1 mm, 700 pm, 540 pm, and 320 pm inner diameters. A polyimide protective layer was used on the fused silica
tube outside surface. The mechanical strength of the waveguides was determined by the silica glass tubing.
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New manufactured samples (investigated in this work) had the inner diameters 100 pm and 250 um, and the outer
diameters 190 um and 360 pum, respectively. The length of trial samples was 10 cm. At disposal it was one 100 pum
(1A6-11-2) and four 250 pm (C25-3-0, C25-3-1, C25-3-2, C25-3-4) waveguides. A very good flexibility done by thin
silica glass tube was proved for this waveguide types (Fig.1).

For a protection of the waveguide input face and input inner layers during the adjustment stage of the system, a special
tube-shaped protector was inserted at the beginning of the delivery system.

Fig. 1. Photo of COP coated silver hollow glass waveguides with the 250/360 um diameter,

2.3 Measuring instruments and methods

The characterization was performed for both — the radiation entering into the waveguide, and the delivered one. The laser
radiation energy, time dependence, and the spatial structure were measured. For measurement of the energy the two-
channel Molectron JD 2000 Joulemeter/Ratiometer with Molectron probes (model No. J25) was used. The waveform
was investigated by PIN detector ET-3000 (InGaAs, EOT) connected with the Tektronix 3052B scope. The radiation
power was measured by Molectron EPM 2000 power meter with Molectron PM3 probe. The beam spatial structure was
monitored by the Electrim CCD camera (EDC-1000HR) or pyroelectric camera (Spiricon Pyrocam III).

Due to the very high stability of the generated laser radiation, the transmission of the waveguide system was calculated
from consecutively performed measurement of the input and output energy before and behind the waveguide.
3. RESULTS

3.1 Delivery of 1.06 pm Nd:YAG laser radiation

The Nd:YAG laser radiation coherently pumped by the Alexandrite laser generated the fundamental TEM,, mode with
M’ = | (Fig.2). The maximum output energy was 0.7 mJ in the pulse with length of 6 ns, the corresponding power was
116.7 kW.

Fig. 2. Output beam spatial structure of 1.06 pm Nd:YAG laser radiation (2D image, Electrim CCD camera EDC-1000HR).

The coupling was realized by an achromatic doublet with a focal length 75 mm. The beam profile was checked behind
the focusing optic, and it wasn't changed. The beam diameter in focus plane was measured 32 um. The investigated
waveguides were placed into the protector fixed in the adjustable holder. The energy delivery characteristics summary is
in Table 1. The output beam structures behind the waveguides are shown in Figure 3 for 100 um, and in Figure 4 for
250 pm inner diameter waveguides.

Proc. of SPIE Vol. 6852 68520W-3



Table 1 — Delivery characteristics of 1.06 um Nd:Y AG laser radiation

Number of waveguide s
Input energy Output energy | Transmission

(inner diameter)

1A6-11-2 (100 pm) 049mJ | 047mJ 95.8%
C25-3-0 (250 um) | 0.68ml 0.46 mJ 67.1% |
C25-3-1(250pm) | 0.68mJ |  0.55m] 808% |
(C25-3-2 (250 pm) 0.68 mJ 0.52 mJ 76.6 %
25-3-4 (250 pm) 0.68 mJ 0.51 mJ 743% |

Fig. 3. Output beam spatial structure of 1.06 um Nd:YAG laser radiation behind waveguide with 100 pm inner diameter and
10 em length (2D image, Electrim CCD camera EDC-1000HR).

Fig. 4. Output beam spatial structure of 1.06 pm Nd:YAG laser radiation behind waveguides (C25-3-0, C25-3-1, C25-3-2,
C25-3-4) with 250 um inner diameter and 10 cm length (2D image, Electrim CCD camera EDC-1000HR).

3.2 Delivery of 1.34 pm Nd:YAG/V:YAG laser radiation

The output from the diode pumped Nd:YAG/V:YAG laser was fundamental TEM;, mode with Mzl (Fig. 5). The laser

radiation output mean power was 25 mW. The measured pulse length was 6 ns, the corresponding pulse energy and peak
power were 0.1 mJ and 16,7 kW, respectively

Fig. 5. Output beam spatial structure of 1.34 um Nd:YAG/V:Y AG laser radiation (2D and 3D image - pyroelectric camera
Spiricon Pyrocam 1IT)

The delivery measurement was analogous with the previous 1.06 pm Nd:Y AG laser case; for coupling the plan-convex
lens with focal length 75 mm was used. The energy delivery characteristics are shown in Table 2, as well as the output
beam profiles are in Figure 6 and in Figure 7.
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Table 2 - Delivery characteristics of 1.34 um Nd:YAG/V:YAG laser radiation.

| Number of waveguide I;1|:iut mean _dumut mean | Lo ission

| (inner diameter) power | power | e |

| 1A6-11-2 (100 pm) 14 mW 3.5mW 25.0 %

| C253-0Q50pm) | 2mW | 125mW 56.8 %
C25-3-1 (250 pm) 2mW | 9.0mW |  409%
C25-3-2 (250 pm) 22 mW 13.0 mW 59.1 %
C€25-3-4 (250 pm) 2mW | 130mW | 59.1%

Fig. 6. Output beam spatial structure of 1.34 pm Nd:Y AG laser radiation behind waveguide with 100 um inner diameter and
10 cm length (2D and 3D image - pyroelectric camera Spiricon Pyrocam I1I).

Fig. 7. Output beam spatial structure of 1.34 um Nd:Y AG laser radiation behind waveguide with 250 pm inner diameter and
10 cm length (2D and 3D image - pyroelectric camera Spiricon Pyrocam III).

4. DISCUSSION AND CONCLUSION

In this work, two Nd:YAG laser systems were designed and constructed. The both systems work in Q-switching regime
and generated fundamental TEMy, mode. The first, Nd:YAG laser passively Q-switched by LiF:F” saturable absorber
was pumped by Alexandrite laser radiation (755 nm, repetition rate 5 Hz) and generated radiation at 1.06 pm
wavelength. The maximum output energy (power) and pulse length were 0.7 mJ (116.7 kW) and 6 ns, respectively. The
second system was Nd:YAG/V:YAG microchip laser pumped by laser diode and generating the radiation at 1.34 pm
wavelength. The output mean power, pulse length, and repetition rate were 25 mW, 6 ns, and 250 Hz, respectively.
Corresponding pulse energy and peak power were 0.1 mJ and 16.7 kW, respectively.

As the major goal of this work, the delivery of high power near-infrared radiation (1.06 pm and 1.34 pm wavelength) by
100/190 pm and 250/360 pm thin hollow glass waveguides, and the modification of the beam spatial profile were
investigated.

The summary of the energy transmission by the investigated waveguides is in Table 3. The decrease of value
transmission on 25 % for wavelength 1.34 um and 100 pum inner diameter waveguide was probably caused by damage of
waveguide inner layers. So the check with another same type of this waveguide is necessary. Nevertheless the complete
delivered transmission was more than 55 % and it can be sufficient for some application.
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Table 3 - Transmission of radiations by investigated COP/Ag hollow glass waveguides.

Inner diameter 250 pm 100 pm
Number of waveguide C25-3-0 C25-3-1 C25-3-2 C25-3-4 1A6-11-2
1.06 pm radiation 67.1 % 80.8 % 76.6 % 743 % 95.8 %
1.34 um radiation 56.8 % 40.9 % 59.1 % 59.1 % 25.0%

The delivered beam spatial structures for waveguides with corresponding inner diameters (100 um and 250 um) were
similar for both investigated wavelength. From our results it follows that the spatial structure for 100 pum inner diameter
waveguide is without significant changes (Fig.2 and Fig.3, Fig.5 and Fig.6).

The 250 pm inner diameter COP/Ag hollow glass waveguides do not keep the input beam fundamental profile. The
differences of the input and output structures are shown in Fig.2 and Fig.4, and Fig.5 and Fig.7, for the case of 1.06 pm
and 1.34 um delivered laser radiation, respectively. The fundamental mode was changed into more peaks. The output
beam spatial structure was rotated during fine angle adjustment of the waveguide input near the position with the
maximum energy delivery.

The following measurement of the output beam structures is going to focus to the longer thin waveguides and to the
madification of the delivery properties in the case of waveguide bending. The crucially important parameter will be the
radiation losses for bent thin waveguides.

As summarization it can be concluded that the investigated delivery system with 100 pm inner diameter hollow glass
waveguide appears as useful for the applications where the defined laser beam structure is required, for example the
medical treatment (ophthalmology, microsurgery).
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Abstract

Extremely flexible hollow fibers with 100 pum-bore size were developed for infrared laser
delivery. The hollow fiber was inner coated with silver and a dielectric layer to enhance the reflection
rate at an objective wavelength band. The silver layer was plated by using the conventional silver
mirror-plating technique. And a thin dielectric layer was coated for low-loss transmission of Nd:YAG
and Er:YAG laser light.

KEYWORD: hollow fiber, small-bore, infrared laser.
1. Introduction

Er:YAG laser, radiating at the wavelength of 2.94 pum, is an effective laser in biomedical field for
incision and ablation. Low-loss hollow optical fiber for delivering Er:YAG laser light has been
successfully developed [1-3], and the application of the Er:YAG laser is rapidly expanding in almost
all the subfields in medicine. In many medical applications, there is a critical requirement for
ultra-thin infrared fiber. Hollow fiber with an outer diameter less than 200 pm is a typical one. In
dentistry, an edged tool with 160 um outer diameter, being called the Fiber, is often used to treat the
root of a bad tooth so as to keep the bad tooth from being removed. The infection parts at the root can
be removed by using the Fiber. However, The Fiber is easily becoming blunt and the treatment time
has to be prolonged. It is possible to shorten the treatment time to irradiate the infected part by using
Er:YAG laser light. Therefore, the development of a patient-friendly thin hollow fiber for delivering
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ErYAG laser light has been one of the important research themes in laser dentistry.

We have been working on the research and development of infrared hollow fibers with bore-size
ranging from 250 pm to 1000 pm for medical applications. Correspondingly, the outer diameters are
ranging from 320 pm to 1500 pm. The hollow fiber was inner coated with a dielectric and a silver
layer to reduce the transmission loss and obtain high-performance properties such as
multi-wavelength delivery [4-6]. In the minimally invasive treatment of the tooth root by using an
endoscope, we are trying to introduce a thinner hollow fiber for delivery the Er:YAG laser light. In
this paper, we report on the fabrication of extremely flexible, low-loss, infrared hollow fiber with 100
um-bore size.

2. Fabrication of the silver-coated ultra-thin hollow fiber

In the fabrication of a small-bore hollow fiber, a silica capillary tube is used as the base tube. The
inner/outer diameters of the silica capillary are 100/170 pm, including a polyimide protective coating
with 12 pm thickness on the outside surface to keep its flexibility and durability. The capillary can be
safely bent with a bending radius as small as 2.5 mm, which is much more flexible than the fiber with
250 pm inner diameter that we developed before [4]. We coat silver layer and a dielectric layer as the
high-reflection films on the inner surface of the capillary. In order to obtain a low-loss property at an
objective wavelength, we have optimized the film thickness of the dielectric layer [7]. For the
dielectric material, we used organic material such as cyclic olefin polymer (COP) and inorganic
material such as SiO, (OC300 for the trade name of the coating material) [8].

Silicone Tube Cross Section

280 Glass
Capillaries
(100 umé x 50 cm)

= Vacuum

F|0£\\‘ Mixer

Plating Reducing
Solution Solution

Figure 1. Experimental setup for depositing a silver layer inside the silica capillary.
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Figure 1 shows the experimental setup for silver plating in the capillary tube. The silica capillary
was with a length of 50 cm and an inner diameter of 100 um. In the plating process, a silver film with
the thickness of around 0.1 pm was formed. As shown in fig. 1, the plating solution and the reducing
solution were forced to flow through the silica capillary. The two solutions were thoroughly mixed in
the mixer. Silver reduced in the chemical reaction adhered on the inner surface and thus formed a
silver layer. However, in fabrication of small-bore hollow fibers the flowing rate of the solutions
became so lower that the two solutions could not be fully mixed before entering the capillary. This
caused rough silver surface and even get stuffed by silver in the thin capillary.

In this research we have improved the fabrication techniques to solve these problems.

a.  An SnCl, water solution was used as an activation solution to initialize the inner surface of the
capillary before the silver-mirror plating. With the pretreatment, the reducing process was
much more rapid and the silver layer could be formed in a much shorter time.

b. In order to increase the flowing rate, we made two bundles with 280 pieces of silica capillary
(inner/outer diameters of 100/170 pm and length of 50 cm) to increase the cross-sectional area.
The bundles were connected to silicone tubes with inner/outer diameters of 3/5 mm.

Concerning the silver plating parameters used up to now in the fabrication of hollow fibers with
700 pum bore-size, we targeted the flowing rate of the solutions at 15 ml/min. To achieve the target, we
paralleled two bundles each with 280 pieces of capillary. The flowing rate was measured 14.5 ml/min.
The silver mirror reaction process lasted for 3 minutes. An afterwards-treatment to evaporate water in
the hollow core was also conducted, the fiber were kept in a 150°C furnace for 30 minutes, while

nitrogen gas flowing through the hollow core at the rate of 300 ml/min.

(%]
S

Attenuation (dB)
=

Wavelength (um)

Figure 2. Loss spectra in the VI-NIR regions for the silver-coated hollow fiber with 100 pm-bore size and
35 em length. The fiber was excited with a Gaussian beam with FWHM 10.6 *
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Figure 2 shows the loss spectra in the visible and the near infrared (VI-NIR) regions for the
hollow fibers with an inner silver layer. In the measurement, the fiber was excited by a Gaussian beam
with a full width at half maximum (FWHM) of 10.6", It can be seen that the attenuation of the fibers
distributed in a relatively large range. The loss difference between the minimum and the maximum
was 4.3 dB. The large difference might be caused by the imperfection in the fiber bundle preparation.
When we made the bundle with 280 pieces of hollow fibers, it was difficult to keep the end face
tidiness. Therefore, the flowing rate of the solutions in each fiber could be largely different. However,
the lowest attenuation for the fiber with 35 cm length was 7.5 dB at the wavelength of | pum for
Nd:YAG laser light, which was a quite low attenuation for the thin hollow fiber. Furthermore, the
fabrication method can produce 560 pieces of silver-coated hollow fibers in one silver mirror reaction
process, which is important to a batch production.

Up to now, we have fabricated hollow fibers with various inner diameters ranging from 250 to
1000 pm based on the commercially available silica capillary (inner diameters of 250, 320 540, 700
and 1000 pm). We used the cutback method to measure the attenuation properties of the hollow fiber.
A reference fiber with 10 cm length and a measured fiber with 30 cm length were used. The outputs of
the 10 ¢m long fiber and the 30 c¢m long fiber were measured and recorded. Then the loss spectrum of
a 20 cm long fiber was calculated. The loss spectra in VI-NIR regions for the hollow fiber with
various inner diameters were measured and calculated. Figure 3 shows their losses at the wavelength

of | um (excited by a Gaussian beam with FWHM=10.6").

5 Ag hollow fiber 20 cm

Attenuation (dB)
=
n

0.1 0.5 1
Inner diameter (mm)

Figure 3. Transmission attenuation of the hollow fiber with various inner diameters. The fiber is with the
length of 20 ¢cm. The attenuation was measured at the wavelength of 1 um and the fiber was
excited by a Gaussian beam at FWHM 10.6".
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Theoretically, the loss of the hollow fiber is in inverse proportion to the cube of the inner
diameter. The theory has been well proved by the loss properties of the hollow fiber produced before.
We can see from fig. 3 that the loss of the 100 pm-bore hollow fiber is on the loss-property line of
hollow fiber with larger bore-size. We can conclude that the small-bore hollow fiber attained the same
low-loss level as these fibers we had produced before.

3. The dielectric film coating for the thin hollow fiber

We coated dielectric film on the silver layer to reduce transmission loss. For the dielectric
material, we used cyclic olefin polymer (COP) and OC300 (SiO,) [8]. For COP film coating, a COP
cyclohexane solution with a concentration of 8.5 wt% was used. The silver-coated hollow fiber was
kept straight and vertically fixed on a stable stage. The COP solution was flown through the
silver-coated hollow fiber with a constant speed. The flow speed of the COP solution was set at
around 10 em/min. As the afterwards treatment to evaporate the solvent cyclohexane in the
liquid-phase film, we flew nitrogen gas through the hollow core at the flowing rate of 100 ml/min.
Then a COP film was formed on the silver layer. However, the COP solution tended to be stuffed
easily due to the ultra thin hollow core.
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0.5 1 15
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Figure 4. Loss spectra of COP/Ag and OC300/Ag hollow fibers (100 pm¢*10 cm) in VI-NIR

regions (FWHM = 10.6"). OC300 (1/2) and OC300 (1/1.5) mean that 10:1:20 and 10:1:15
mixing rate solutions were used in the fabrication.

We also tried to use an inorganic material OC300 [8] as the dielectric film. OC300 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. The OC300 coating material was originally developed for protecting the
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surface of a building or floor. It is a commercially available product and sold in a two-solution set.
One is the main paint solution, and the other is a hardener. The two solutions are mixed at a certain
rate. When the mixed solution is painted on a smooth surface, a solid SiO; film can be formed at the
room temperature with the catalysis of water in the air.

There is another solvent that can be used to dilute the mixed solution. It is possible to modify the
viscosity of the mixed solution by a certain amount of the solvent. In this research, the mixing rate
among these three solutions (the main paint solution, the hardener and the solvent) was 10:1:20 or
10:1:15. The coating method was the same as what we used for COP coating. The flowing speed of
the solution was 10 cm/min. After the liquid-phase coating, the fiber was treat at the room temperature
with nitrogen gas flowing through the hollow core for | hour. The OC300-coated silver (OC300/Ag)
hollow fiber was fabricated. Comparing with the COP solution, the OC300 solution has a lower
viscosity. The OC300 solution moves smoothly inside the thin hollow core without stuffing at halfway.
Therefore, it is comparatively easier for the OC300 coating in the small bore hollow fiber. Figure 4
shows the loss spectra of the hollow fibers in the VI-NIR regions. The fibers are 10 cm long, with 100
pm bore-size and excited with a Gaussian beam with FWHM at 10.6".

Comparing with the silver-coated hollow fiber, the COP/Ag and OC300 (1/2)/Ag hollow fibers
attained low loss at the wavelength of 1 um (OC300 (1/2)/Ag means a fiber used the 10:1:20 rate
solution in its fabrication). The COP/Ag hollow fiber (dashed curve) had a COP film with a thickness
of 0.1 pm. It is possible to deliver Nd:YAG laser light with low-loss. OC300 (1/2)/Ag hollow fiber
had OC300 film with a thickness of 0.15 um. It is also obtained low-loss at the wavelength of
Nd:YAG laser light. To deliver the Er:YAG laser light radiating at the wavelength of 2.94 pm, a
thicker dielectric film is required. Normally a solution with higher concentration is need for a thicker
film coating. Because COP solution has a high viscosity, it is almost impossible to drive a thicker
solution through the 100 pm bore hollow core. While OC300 solution has a low viscosity, we increase
the concentration by the mixing rate of 10:1:15. As seen in fig. 4, the OC300 film is evaluated as 0.25
pum. and the fiber was expected to have a low-loss property at the wavelength of 2.94 um for the
Er:YAG laser light. Furthermore, the clear interference peaks in the VI-NIR regions indicated that a
uniform and smooth OC300 film had been achieved.

In order to evaluate the transmission loss for the Er:YAG laser light of the 100 pm bore hollow
fiber, we used a tapered coupler to couple the laser light into the small core. In the measuring
experiments, the fiber was 10 cm long with a 100 um bore-size. The tapered coupler was 1 cm long
and the inner diameters of the input and output ends were 700 and 100 pum, respectively. The Er:YAG
laser was set at an output mode with 10 Hz repetition rate, 300 ps pulse width and 33 mJ energy per
pulse. The tapered coupler was obtained by the glass-drawing method from a silica capillary with 700
um bore-size [9]. The coupler was 6 cm long, in which 5 cm length was a uniform 700 pm bore
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hollow fiber and the rest 1em tapered off to 100 um bore-size gradually. The Er:YAG laser light was
coupled into the 100 pum bore hollow fiber with the tapered coupler. The measured losses for the thin
hollow fibers are summarized in table 1. The tapered coupler itself has a loss of 1.4 dB. And the
minimum loss for the 100 pm bore hollow fiber was OC300 (1/1.5)/Ag hollow fiber, which was still
as high as 8.8 dB. This might be cause by the tapered coupler. Because the taper coupler excited more
high-ordered modes in the measured thin hollow fiber, which are of much higher attenuation
coefficients than those of the low-ordered modes. It is necessary to optimize the shape of the tapered
coupler to reduce the loss of the thin hollow fiber.

Table |  Transmission characteristics for Er:YAG laser

Energy (ml])
Input Output Ko 1R
Ag 24 0.7 153
COP/Ag 24 1.4 12.3
0C300 (12y/Ag 24 1.8 11.2
0C300 (1/1.5)/Ag 24 3.2 8.8

4. Conclusion

Small-bore hollow fiber with 100 pm inner diameter was fabricated. Comparing with the loss
properties of the hollow fibers with larger bore-size produced before, the thin hollow fiber obtained
low-loss property. The COP and OC300 were used as the dielectric film. For a Nd:YAG hollow fiber,
dielectric film thickness of around 0.1 pm was coated and the loss was much lower than a
silver-coated hollow fiber. A thicker OC300 film with 0.25 um was also successfully coated, the fiber
attained low-loss for Er:YAG laser light radiating at the wavelength of 2.94 pum. The loss for the 100
pm bore, 10 em length OC300/Ag hollow fiber was 8.8 dB. The OC300 coated thin hollow fiber are
of low-loss property, extreme flexibility and high durability, which is promising in many applications.
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