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Abstract

Silver-cladding-stainless pipe is used as the supporting tube for the infrared hollow fiber to
obtain high durability and strong mechanical strength. For the dielectric inner-coating layer, cyclic
olefin polymer (COP) and silver iodide (Agl) are used to lower the transmission loss. The COP layer
is formed by using liquid-phase coating method as it is done before. For the Agl layer, liquid-filling
technique is developed to reduce the waste liquid of iodine solution. Rigid hollow fiber with
optimized COP or Agl inner film thicknesses for CO, laser light were fabricated and reasonable

transmission losses for an output tip was demonstrated.

KEYWORD: hollow fiber, output tip, infrared laser.

1. Introduction

The CO, laser radiation at the wavelength of 10.6 um has found applications in industrial
processing owing to its high output power. It is also one of the most commonly used lasers in medical

field for laser surgery because of the high water absorption coefficient at the wavelength. Laser power
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transmission system has been critically required and actively developed [1-6] because of the wide
application of CO, laser. We have developed hollow fiber with polymer and silver inner-coating films
based on glass capillary with high flexibility. Low-loss infrared hollow fibers with inner diameters
from 320 pm to 1000 um and length of 2 meters were successfully developed [6].

In medical application, such as dentistry and otorhinolaryngology, sterilization process must be
done for the recycled output probe of infrared laser delivery system. It has been shown that the
dielectric-coated silver hollow tips were damaged after several sterilization cycles [7] by using
autoclave. It was observed that the coated silver layer was detached from the inner surface of the glass
capillary. This is mainly caused by the rather thin silver film. In order to obtain a smooth silver
surface for a better optical film, the silver film had to be rather thin [8], which is normally from 50 nm

to 200 nm thick.
In this paper, we propose to use metal supporting pipes for the fabrication of the infrared hollow

fiber. Cyclic olefin polymer (COP) [9] and Agl [10] were used as the dielectric coating material. COP
is non-toxic, transparent material in the infrared regions, and capable of forming optical film with
high quality. Agl is a traditional infrared material, which suits high power delivery for its good
adhesion with silver film and heat-resistance property. These two kinds of dielectric film were used in

the hollow output probe in the fabrication and transmission properties were experimentally evaluated.

2. Supporting pipe

We have used a glass capillary as a supporting tube for the hollow fiber because of its smooth
inner surface. To increase the heat resistance and durability for sterilization process, we fabricate
some hollow fibers using several kinds of metal tubes instead of the glass capillary. They are a
stainless steel pipe (SUS) with a smooth polished inner surface, a gold-coated stainless steel pipe
(Au/SUS), and a silver-clad stainless steel pipe (Ag/SUS) [11]. Figure 1 shows the structure of various

metal pipes. The inner polished SUS pipe is commercially available.

Stainless Gold film
Steel Tube Coating Silver Tube
SUS Auw/SUS Ag/SUS

Figure 1. Structure of various metal pipes

Proc. of SPIE Vol. 7559 755904-2



The gold thin film of Au/SUS pipe was coated by electric plating on the inner surface of the SUS
pipe. Ag/SUS pipe was integrally formed as a metal pipe made of a silver-clad layer and a stainless
steel layer by extruding a cylindrical silver pipe arranged inside to a stainless steel pipe arranged
outside. After forming the pressure-bonding silver and stainless steel dual-clad pipe, the inside wall of
the silver-clad layer was polished to a mirror-smooth state. The silver clad layer has the wall thickness
of 100 um and expected to be of high durability and low loss when inner-coated with optical films.

Figure 2 shows transmission loss spectra for several kinds of pipes from the visible to the
mid-infrared regions. We estimated some metal pipes shown in Fig. 1 and a silver-plated silica

capillary (Ag/SiO,) as well for comparison.

15 = T y T y T T T T T
S10f 4
E SUS j
5 AwSUS '
£ sk —
<

Ag/Sio, Ag/SUS -
| n 1 s | " |

% 2 4 6 & 10 12
Wavelength (um)

Figure 2. Loss spectra of metal pipes and Ag-plated silica capillary from visible to infrared regions.

Table 1 summarizes the transmission losses for CO, laser light through these pipes as well as
their sizes. For measurement of the loss spectra in Fig 2, we used a white light source and an optical
spectral analyzer up to 1.7 um in wavelength and a NiCr heat source and an infrared monochrometer

from 1.7 um to 12 pm in wavelength.

Table 1. Sizes and losses of CO, laser light through various kinds of metal pipes and Ag-plated silica

capillary
Material D Slz(e)]()mm)L Loss (dB)
SUS 094 12 285 3.7
Auw/SUS 094 12 285 2.1
Ag/SUS 075 12 280 1.7
Ag/S10, 075 09 280 1.8

ID: Inner Diameter, OD: Outer Diameter, L: Length
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In Table 1, the transmission losses for CO, laser light shown were estimated by the ratio of input
power launched through an incident lens to output power at the distal end. In general, transmission
losses for CO, laser light are lower than loss spectra at 10.6 pum in wavelength in Fig.2, because the
laser source can excite lowest order mode (HE;; mode) more efficiently than the incoherent light

source. Although we have not measured quantitatively the inner roughness of each pipe, we can infer
that the inner roughness of Ag/SiO, is smaller than other metal pipes, because Ag/SiO, has a rather
low-loss in the visible and near-infrared regions as shown in Fig.2. The glass capillary has a very
smooth inner surface that guarantees smooth silver layer plating and thus causes smaller additional
loss. The longer wavelength is, the less the additional loss due to inner surface roughness increases.
As a result, the transmission property of the Ag/SUS is equivalent to that of the Ag/SiO, in the
mid-infrared region.

We made the inner polished Ag/SUS pipe up to 1 m long, which is restricted by the polishing
machine. Although it is difficult to obtain longer Ag/SUS pipe, the metal pipe has strong mechanical
strength, heat resistance and capability of withstanding sharp bending. Therefore it is proper and safe
for the application as an output probe attached at the distal end of laser delivery system. On the other
hand, the hollow fiber using a glass capillary is suitable for long transmission of laser light because of

its flexibility and inner smooth surface.

3. Polymer inner coating

Optical film coating on the metal surface can dramatically increase the reflectance of the surface.
Therefore, it is an ordinary method to coat a dielectric film on the inner surface of the metal pipe to
reduce the transmission loss. Cyclic olefin polymer (COP) and silver iodide (Agl) are two successful
dielectric coating materials for infrared hollow fiber. For a target wavelength, there is an optimum
film thickness [12] for each dielectric material.

Figure 3 shows the theoretical loss of the HE;; mode in the dielectric coated hollow fiber as a
function of dielectric film thickness. The target wavelength is 10.6 pm for CO, laser light. In the
calculation, the complex refractive index for Ag at the wavelength of 10.6 pm is 13.5 - j 75.3. The
refractive indices for COP and Agl are 1.53 and 1.95 [13], respectively. We note in Fig. 3 that
optimum thicknesses for minimum loss are 1.36 pm and 0.98 um for COP and Agl layer, respectively.
The loss of COP/Ag hollow fiber is a little smaller than that of the Agl/Ag hollow fiber because the
optimum refractive index for the dielectric layer is theoretically 1.41.

We used the COP as the dielectric coating material. The COP polymer was dissolved in
cyclohexane. The solution was forced to flow through the metal pipe and a liquid-phase film was

formed on the inner surface. After the curing process, the film was solidified to form a stable polymer
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layer. Detailed fabrication techniques and parameters to control film thickness have been published

elsewhere [14].

102
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Figure 3. Theoretical losses for the HE;; mode in the hollow fiber of 0.75 mm inner diameter as a
function of dielectric film thickness for CO, laser light.

Fig.4 and Table 2 show loss spectra and losses for CO, laser light of several kinds of COP-coated
hollow fibers, respectively. The COP layer was coated on the inside wall of each metal pipe or

silver-plated silica capillary in Table 1.
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Figure 4. Loss spectra of COP-coated metal pipes and COP-coated Ag-plated silica capillary
In Fig. 4, loss peaks in the wavelength region shorter than 5 pm came from the interference

effect of light in the thin COP optical film. According to the position of the interference peaks, the
film thicknesses for the COP layer can be calculated. For the four kinds of COP-coated metal pipes,
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the film thickness was estimated to be range from 0.85 pm to 0.95 pm. Comparing with the
theoretical optimum COP thickness of 1.36 um shown in Fig.3, the practical thickness was made
somewhat thinner. We take into account that the bottom loss range is broad around the optimum
thickness and the thicker film is likely to cause the rougher inner surface. Therefore, just a little
thinner film than the theoretical optimum thickness is normally preferred in fabrication. As shown in
Table 2, low loss under 0.2 dB for CO; laser light was obtained for COP-coated Ag hollow pipes.

Table 2. Sizes and losses of CO, laser light through various kinds of COP-coated metal pipes and
COP-coated Ag-plated silica capillary

Material D Slz(e)]()mm) T~ Loss (dB)
COP/SUS 094 12 285 0.6
COP/Auw/SUS 094 12 285 0.22
COP/Ag/SUS 075 12 280 0.18
COP/Ag/S10, 075 0.9 280 0.13

ID: Inner Diameter, OD: Outer Diameter, L: Length

4. Silver iodide coating

The coating technique for the Agl layer is an iodination process that changes part of the silver
layer into Agl layer. The iodine cyclohexane solution is flown through the silver coated tube and the
upper surface of the silver layer is changed into silver iodide. This Agl coating technique has been
working well for hollow fiber with inner diameters ranging from 0.25 to 0.7 mm [15]. However, a
rather high flowing rate is necessary in the iodination process. To form the Agl layer, 20 ml iodine
solution was needed. We propose a new method that significantly reduces the waste of the iodine
solution.

A syringe is used to fill the iodine solution into the Ag/SUS pipe. The pipe is fully filled and the
solution is kept for a period of time for Agl layer formation. Then the iodine solution is pushed out.
By using the newly developed method, the volume of the iodine solution is only 0.1 ml for the short
metal pipe with 0.75 mm bore diameter and 280 mm long. In the fabrication process, the iodine
solution was made by dissolving the iodine pellet in cyclohexane. And then the solution was stirring
for fully mixture in a supersonic device for ten minutes.

Figure 5 shows the Agl film thickness versus liquid-filling time. The concentrations of the iodine
solution are also shown. The dashed line shows the theoretical optimum film thickness for Er:YAG

laser that irradiates at 2.94 um. The fabrication parameter for Er:YAG hollow pipe could be like 60
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seconds filling time for iodine solution with 0.5% concentration. The transmission loss for Er:YAG

laser light through the Agl/Ag/SUS pipe with 0.25 um thick Agl film was 0.4 dB (92 %). Film
thickness tends to be thicker when the filling time is prolonged. However, there exists a saturation

time for a certain concentration as it can be observed in Fig. 5. This is because the concentration of

Iodine solution decreases with the chemical reaction time and the Agl formed on the surface also

restrains the chemical reaction speed.

0-6"1"|"|"|'-|-~1"
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Figure 5. Agl film thicknesses versus liquid-filling time for solutions with various concentrations

To form a thicker Agl film for CO, laser light, we used 1 % concentration solution and multiple
liquid-filling processes. As one process could not achieve enough film thickness, we repeat the same
filling process three to five times. Figure 6 shows the Agl film thickness versus repeating times.

Holding times for each filling process are also shown in this figure.

1. - T

240 sec
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Repeating Times for Coating Process

Figure 6. Agl film thicknesses versus repeating times for liquid-filling process.
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