The dashed line shows the theoretical optimum film thickness for CO, laser light that irradiates
at 10.6 pum. It is seen that we need to repeat the process 3 repeat times for 240 seconds filling time, or
4 repeat times for 120 seconds filling time. As the 240 second filling time is longer per filling process,
the concentration of the iodine solution decreased largely and the surface of the Agl film tends to be
rough. So we selected 120 seconds filling time and 4 times repeat processes for fabricating conditions
of CO; laser light hollow fibers.

Figure 7 shows the loss spectra of the Agl/Ag/SUS pipes fabricated with 2 to 4 liquid-filling
times. As the repetition times of liquid-filling increases, the inner Agl layer becomes thicker and the
interference peaks shift to longer wavelength. The film thickness for 2, 3, and 4 repetition times are
estimated to be 0.65 um, 0.78 pum, and 0.89 pum, respectively. One time filling process approximately
increases the film thickness by 0.1 um.
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Figure 7. Loss spectra of Agl/Ag/SUS pipes using multiple iodination processes. The numbers in the

figure represent iodination process times.

The Agl film thickness can be controlled by adjusting the holding time and repetition times of
Iodine solution filling. On the other hand, the Agl film can be etched away by sodium thiosulfate
solution. Figure 8 shows the variation of Agl film thickness with the treatment of sodium thiosulfate
water solution. The original Agl/Ag hollow fiber has an interference peak at the wavelength of 6.4 pum,
which corresponds to the Agl film thickness of 0.95 pm. Spectra A, B and C were measured after a
series of decoating processes on the original Agl/Ag/SUS pipe. Spectrum A was the first measurement
result after the sodium thiosulfate water solution treatment, where the solution was flown through the
pipe for 30 seconds with speed of 3 cm/second and the concentration of sodium thiosulfate was 0.1 ml

/ L. Spectrum B was the second result, which is added to the sample with spectrum A under conditions
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of 300 second flow time and the concentration of 0.05 ml /L. Spectrum C was the third result after
further additional treatment under conditions of 180 second solution flow time and the concentration
of 0.1 ml / L. The Agl film thickness for A, B, and C were estimated to be 0.81, 0.8, and 0.66 pm,

respectively.

20
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2 46 8 10 12
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Figure 8. Loss spectra of Agl/Ag/SUS pipe treated with sodium thiosulfate decoating process.

According to the spectrum change from A to B, the sodium thiosulfate concentration of 0.05 ml/
L is so weak that the Agl film etching rate is very little. The film thickness variation from original to A
and from B to C was the same as 0.14 um, while the treatment time was 30 and 180 seconds
respectively. In this case, the flowing time longer than 30 second is not effective, although the sodium
thiosulfate concentration is enough for Agl etching process. In this way, we can mend the Agl/Ag
hollow fiber with too thick Agl layer.

Figure 9 shows the loss spectra for Agl/Ag/SUS pipes with different Agl film thicknesses. The
film thicknesses for the three pipes are 0.81, 1.01, and 1.22 pm, respectively. Sharp interference peaks
showed that uniform and smooth Agl films were formed on the inner surface of the Ag/SUS pipe.
According to the theoretical calculation, the pipe with 0.98 pm thick Agl film should has lowest loss
at 10.6 pm in wavelength. As shown in Fig. 9, the loss for the Agl/Ag pipe with 0.81 um Agl film is
as low as that of Agl/Ag with 1.01 pm that is closer to the optimum thickness of 0.98 pm. This is
because the bottom loss range is broad around the optimum thickness and the thicker film that needs
longer iodination time or more repetition processes is likely to cause non-uniformity of Agl layer.

Transmission loss for CO, laser light though the Agl/Ag/SUS pipe is shown in Table 3, which
was equal to that of COP/Ag/SUS. As compared to the loss of 1.7 dB for the Ag/SUS pipe, Agl or

COP film coating on the Ag layer is much effective in reduction the transmission loss.
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Figure 9. Loss spectra for Agl/Ag/SUS pipes with various Agl film thicknesses.

Table 3. Size and loss of CO, laser light through Agl-coated Ag pipe

: Size (mm)
Material D oD L Loss (dB)

Agl/Ag/SUS 075 1.2 280 0.18
ID: Inner Diameter, OD: Outer Diameter, L: Length

The hollow fiber using the metal pipe as the base material is not flexible but mechanically strong
and does not break even under small radius bending. We fabricated a bent Agl/Ag/SUS pipe, which is
23 cm long and bent at 90 degrees with 4-cm bending radius as shown in Fig.10. The transmission

loss for CO;, laser light through this bent Agl/Ag/SUS was 0.7 dB (85 %), which is a reasonable loss
for an output probe of an infrared laser power delivery system.

Figure 10. Photograph of bent Agl/Ag/SUS pipes with FC connector
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5. Conclusion

In order to obtain strong mechanical strength for the probe of infrared power delivery system, we
fabricated short infrared hollow pipe based on various metal tubes. The tubes are stainless steel pipe
(SUS), gold-coated stainless steel pipe (Au/SUS), and silver-clad stainless steel pipe (Ag/SUS). It is
shown that fiber with inner optical film coating based on Ag/SUS is of the lowest loss property. We
have developed liquid-filling method to minimize waste and multiple jodination process to form a
thicker film. A decoating process was also proposed to accurately control the Agl film thickness. Loss
for the COP or Agl coated Ag/SUS hollow pipes is smaller than 0.2 dB. The tube is with a length of
280 mm and an inner diameter of 0.75 mm. The Ag/SUS tube is of strong mechanical property and
low-loss property. It is proper to be used as the output probe for the long flexible infrared laser power
delivery system.
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Abstract The aim of our work was the application of a special sealed hollow waveguide system for urology treatment. In
our experimental study we have compared the effects of CTH:YAG (wavelength 2100 nm) and Er:-YAG (wavelength
2940 nm) laser radiation both on human urinary stones (or compressed plaster samples which serve as a reference)
fragmentation and soft ureter tissue incision in vitro. Cyclic Olefin Polymer — coated silver (COP/Ag) hollow glass
waveguides with inner and outer diameters 700 and 850 pum, respectively, were used. To prevent any liquid to diminish
and stop the ission, the waveguide termination was utilized.

Keywords: hollow waveguide, urology, ureter, lithotripsy, solid state laser, Er:-YAG laser, CTH:YAG laser

1. INTRODUCTION
While optical fibers are utilized as standard delivery systems in visible and near-infrared ranges of radiation, the transfer
of radiation in mid-infrared radiation region or the powerful radiation requires a special delivery system, i.e., an
articulated arm, special fiber, or o guide. The selected hollow guides have several advantages. Due to air core
they have a high power damage threshold, low insertion losses, and no end reflection. At present the effort to obtain a
more effective and fragile delivery system results in developmg new waveguide types useful for the application of laser

radiation in new industrial technology systems or in medi
This work is a continuation of our long-time investigation of laser radiation delivery in a broad region of wavelengths
(from

750 nm to 2940 nm) by hollow waveguides with the inner diameter ranging from 250 pm to 1 mm in which the laser
systems worked in free-running, Q-switching, or mode-locking regimes. The energy, temporal, and spatial characteristics
were studied. Also, application in some treatment was demonstrated. The goal of this work was to describe the delivery
system for Er:-YAG laser and its use in urology.

2. MATERIALS AND METHODS

Over the past twenty years a variety of laser systems has been tested for urology surgery such as: treatment of urethral
and ureteral strictures, treatment of BPH (benign prostatic hyperplasy), or stone disintegration (lithotripsy). So far, the
long-term results of the stricture treatment are not fully sufficient, due to a high rate of recurrence. Therefore, new
methods of treatment in which the ureter tissue vicinity will not be affected are highly appreciated.

If laser radiation is used for this treatment, the ureter tissue must be ablated. The depth of the vaporized channel mainly
depends on spectral absorption of the radiation in a tissue, and, as water is a promi of biological tissues,
this depth is mainly given by the absorption of laser radiation in water. In the mid-infrared reglon, a family of solid state
lasers (based on Er, Tm or Ho ions) is available whose radiation has sufficient absorption in OH-containing media [1].
From literature is known promising obtained results with Er:YAG laser radiation applied during animal treatment [2].
The objective of this study was to investigate and compare the ablation effect of selected mid-infrared laser radiations
(Tm:YAG, CTH:YAG, CTE:YAG, and Er:YAG) on human ureter tissue, an verification of perforation possibility of the
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roc. of SPIE Vol. 7559, 755907 - © 2010 SPIE - CCC code: 1605-7422/10/$18 - doi: 10.1117/12.840916

Proc. of SPIE Vol. 7659 755907-1



ureter wall by these types of lasers; and investigation of basic interaction characteristic with its surface and deep
structure.

2. EXPERIMENTAL METHODS
2.1 Radiation delivery system

For laboratory laser systems, the radiation delivery system consists of three parts - a coupling lens, waveguide, and cap.
The coupling lens was selected according to the focusing beam spot diameter and inner waveguide diameter. In our case,
a CaF, lens with focal length 40 mm was utilized.
The main part of the delivery system was a polymer-coated silver hollow glass waveguides suitable to deliver high-power
mid-infrared Er:YAG radiation. The detailed structure of this waveguide type is the following — its basis is a fused silica
capillary with the inner diameter 100-1000 pm and length up to 2 m. On the inner surface of this tube there is a silver
thin film with a dielectric layer of cyclic olefin polymer (COP). The layer from this material increases the reflectance of
delivered radiation. The thickness of the dielectric layer depends on the radiation wavelength and for 2.94 pm it was
0.1 pm.
The advantages of COP/Ag hollow glass waveguides are low-loss property, low aging effect, and, moreover, they are
non-toxicity. Due to the absence of a bulk material in which the radiation is transmitted, hollow waveguides have usually
lower losses, and, in contrast to the known silica fibers, special low-OH silica, or germanium fibers, they can also deliver
high power radiation.
The utilized samples of the 10 cm long waveguide were 700 pm in the inner diameter and 850 um in the outer diameter.
The frequent requirement for medical applications is that the end of the waveguide system is to be in contact with
the interacting soft or hard tissue, the so-called “contact treatment”; therefore the hollow waveguide end was terminated
with  a special sealed waveguide cap (Fig.1b). This termination was first used to prevent damage to the delivery system
caused by the debris and liquids entering the unsealed waveguide. This termination cap also served for radiation
focusing®. For our experiment, fused silica was used as cap material.

Polyimide protective layer
Fused silica capillary
Silver thin film

COP layer

Figure 1. Layer structure of the COP/Ag hollow glass wavcgunde used for mid-infrared laser
radiation delivery (left), detailed photo of guide termination (right).

2.2 Laser systems

During the experimental investigation, different laser systems were utilized, namely clinical CTH:YAG laser (Coherent
Versa Pulse Power Suite Holmium), laboratory CTH:YAG (Cr,Tm,Ho:YAG) laser, and laboratory Er:YAG laser. Their
basic characteristics are summarized in Table 1.

Table 1. Laser systems p

Clinical Laboratory | Laboratory
CTH:YAG | CTH:YAG | Er:YAG
Wavelength | 2100 nm 2100 nm 2940 nm
Rep. rate 5-25Hz 1 Hz 1 Hz

Max. energy | 207 300 mJ 300 mJ
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2.2.1 Er:YAG laser system

In Er:YAG laser oscillator (A = 2.94 pm), an active crystal 5 mm in diameter and 100 mm long was used along with
xenon flashlamp. These elements were placed inside a diffused ceramic pumping cavity. The resonator consists of plane
total reflecting copper mirror and an output coupler with the optimal reflectivity Ry, = 80 %. The generated wavelength
was 2.94 um, and the pulse duration was measured to be 190 us (FWHM). The radiation was delivered to the target
tissue by a special hollow waveguide, (see section 2.1) so the fluence on tissue reached 78 Jem?®.

2.2.2 CTH:YAG laser system

The laser head of CTH:YAG laser (A = 2.1 pum) consists of a Cr:Tm:Ho:YAG crystal with a diameter of 4 mm and a
length of 89 mm placed, along with a xenon flashlamp into a diffused ceramic pumping cavity (Marysol Technologies,
Inc.). The resonator had plane-parallel configuration and was formed by two mirrors with the reflectivity R = 100% and
Rou = 83 %. The interaction experiment we have started with the same energy being measured behind the hollow
waveguide delivery system 100 mJ (fluence 26 J/em®). Because the perforation was not obtained, higher energy up to 400
mJ (which corresponds to a fluence of 104 J/cm?) was applied.

2.2.3. Clinical CTH:YAG laser

The clinical CTH:YAG laser (Coherent Versa Pulse Power Suite Holmium) was a flashlamp-pumped CTH:YAG laser
with higher repetition rate (from 5 up to 25 Hz). The maximal output power was 100 W. Its radiation was delivered by a
low-OH fibre with the diameter 400 pm.

2.3 Examined Sample Preparation

For the purpose of soft tissue experiment, the samples in the form of longitudinal sections (approximately 4x30 mm) I to
1.5 mm thick (Figure 2) were used. They were stored in a refrigerated saline solution and the experiments were
performed in vitro within three hours after the surgery at room-temperature.

For the purpose of lithotripsy, experiments on both artificial and real human samples were performed. In case of artificial
samples, the blocks made from special compressed plaster (size 10x10 mm, thickness from 1 up to 10 mm, producer
Stolz, Inc.) were utilized (Figure 3). As to real human samples, the urinary stones (size approximately 7x5x3 mm) of
various composition were utilized (Figure 4).

Figure 2: Human ureter tissue sample. Figure 3: Artificial sample made from Figure 4: Human urinary
compressed plaster serving as urinary stone stone.
model.

2.4 Measuring instruments

To investigate the output laser radiation energy, we used a computer-operated two channel Molectron JD2000
Joulemeter/Ratiometer and Tektronix TDS 3052B oscilloscope with thermal detectors Gen-Tec (ED-200 LA) and
Molectron (J25). During the interaction process, ablated holes were investigated by a microscope (Nikon SMZ-2T).

Proc. of SPIE Vol. 7559 755907-3



2.5 Experimental Methods

The ureter sample was mounted in a special holder directly attached to a movable stage. The end of sealed waveguide
was in contact with the tissue. The specimens of the ureter tissues were gradually irradiated by the CTH:YAG, and
Er:YAG radiations. The laser radiation was delivered to the interaction sample by a COP/Ag hollow glass waveguide
(inner/outer diameter 700/850 um, length 10 cm) terminated with a fused silica cap. The interaction experiments were
carried out in contact regime.

The input waveguide energy was monitored with a beam splitter placed in front of the waveguide input and the first
Joulemeter head. At the same time, the output energy was monitored with the second energy detector placed behind the
hollow waveguide termination. After the measurement of the output energy, the investigated tissue sample was inserted
between the waveguide termination and the probe. The first coming impulse was monitored on the scope when tissue was
perforated.

2.6 Analysing Methods
After laser ablation, the samples of tissue were photographed and pickled in formaldehyde. Then, the soft specimens
were taken for H&E staining and histological processing.

3. EXPERIMENTAL RESULTS

3.1 Perforation of soft ureter tissue with laser radiation

For soft ureter tissue, the primary desired result is perforation or incision of the tissue. The aim was to determine the
optimal laser wavelength, pulse energy, and length from the point of operation effectiveness and minimization of the
adjacent tissue alteration. The interaction parameters are summarized in the following table:

Table 2: Laser interaction parameters for ureter tissue perforation

Laser Pulse Pulse Energy Radiation Ablation Ablation Mesenchyme
energy | duration fluence intensity threshold rate alteration
mJ us, ns Jem® W/em? J/em? mm/pulse pm
CTH:YAG 200 200 ps 54 260x10° 20 0.008 200
EnYAG 100 | 200ps 27 130x10° 6 0.05 50
Free-running
ErYAG 30 | 60ns 8 111x10° 2 02 Not visible
Q-switching

Examples of the compared laser radiations interactions with soft ureter tissue are shown in the following pictures.

L

Figure S CTH:YAG laser: 100 pulses Figure 6 Er:YAG free-running: 20 Figure 7 Er:YAG Q-switching: 5
with energy 200 mJ and duration 200 pulses with energy 100 mJ and pulses with energy 30 mJ and
ps —macrophotography. duration 200 ps — macrophotography.  duration 60 ns — macrophotography.

All the relevant ureter samples were histologically examined from the point of view of adjacent tissue thermal damage.
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alteration Er.YAG laser
radiation

Figure 8 CTH:YAG laser: 100 pulses ~ Figure 9 Er:YAG free-running: 20 Figure 10 Er:YAG Q-switching: 5

with energy 200 mJ — histological pulses with energy 100 mJ and pulses with energy 30 mJ and duration
evaluation. duration 200 ps — histological 60 ns — histological evaluation.
evaluation.

3.2 Fragmentation of urinary stones by laser radiation

The desired result in laser-assisted lithotripsy is the minimally invasive fragmentation of urinary stones. The aim of our
study was to compare the effectiveness of laser radiation interaction with urinary stones or artificial samples model.
During the interaction experiments the samples were stored in water at room-temperature. As for laboratory lasers, the
radiation was delivered to the interaction samples with the help of COP/Ag hollow waveguide terminated with a fused
silica cap. The cap was in water and in contact with samples. In case of clinical CTH:YAG laser, the radiation was
delivered by the fibre.

‘We have evaluated the ablation effect for various laser pulse energies and various number of pulses. From the obtained
experimental data we have analyzed the perforation rates for both investigated laser radiations. The laser repetition rate
was | Hz (in the case of laboratory lasers) and 20 Hz (in the case of clinical CTH:YAG laser). Upon the experiments, it
has been determined how many laser pulses (with defined pulse energy) are required for sample perforation. The results
are summarized in the following Figures 11-13.
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Figure 11. Perforation rate of artificial stones (compressed ~ Figure 12. Perforation rate of artificial stones (compressed
plaster) ablated with Er:YAG laser radiation. plaster) ablated with CTH:YAG laser radiation.
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Figure 13. Comparison of perforation rates of artificial
stones (compressed plaster) ablated with Er:YAG or
CTH:YAG laser radiation.

4. DISSCUSSION

From the experimental results it could be evaluated that Er:YAG laser radiation (2940 nm) is more effective in ablation
of soft ureter tissueas against the CTH:YAG laser. The reason could be in the absorption coefficient of radiation in water
(soft ureter tissue has high content of water), which is wavelength-selective (especially in the mid-infrared region) and
the Er:YAG laser radiation matches the local maximum of this absorption spectrum (Figure 14). Even more effective is
the Er:YAG laser in Q-switched operation regime, where the pulse duration is approximatelly three orders of magnitude
shorter than in the free-running regime. Therefore, the thermal damage to adjacent tissue is significantly lower.

100001 Er:YAG

10004

Ho:YAG
1004

o

Water absorption [cm™']

0.1 .
1000 1500 2000 2500 3000 3500
Wavelength [nm]

Figure 14: Spectral characteristics of water absorption in mid-infrared region.
Pulse energies which can perforate the ureter wall were found for CTH:YAG, and Er:YAG laser radiation. The Er:YAG
laser radiations demonstrate minor surface carbonization in comparison with CTH:YAG radiation. Applications of those
radiations led to quite minimum deep structures alteration, not exceeding 0.2 mm.
In case of laser-assisted lithotripsy, the effect of the Er:YAG laser radiation is comparable with the CTH:YAG laser

radation. The difference is in the energy level required for the application. In case of Er:YAG laser, the pulse energy
needed for urinary stone ablation is lower.
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5. CONCLUSION

Our conclusion is that both CTH:YAG, and Er:YAG lasers can be used for wall ureter perforation. However differences
were observed in the quality of the ablated surface. From the histology point of view, the great differences have been
seen in tissue modifications of both - the epithelium and mesenchym. Thus, from our study it follows that the Er:-YAG
lasers could be considered as good candidates for urology surgery. The delivery system formed by Cyclic Olefin
Polymer — coated silver (COP/Ag) hollow glass waveguide was found to be a good instrument for delivery of mid-
infrared radiation and also reliable component for urology surgery.
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ABSTRACT:

A loss-spectrum measuring-system for hollow wa ides was established based on the Fourier Transform infrared

Spectrometer (FTIR). In order to obtain better repeatability, we designed and fabricated two couplers for the system. One
is a silver-coated hollow tube with the same inner diameter as the measured hollow waveguide. The other is a

id
)

silver-coated tapered coupler whose inner diameter of the output end is the same as the d hollow

Characteristics of the measuring system were discussed theoretically and experimentally when using the two couplers.

q

Several kinds of hollow waveguides were measured and the properties of the loss spectra were di d. The

loss property showed that loss property depends on the output divergence angle of the coupler. Tapered coupler has a
much larger output divergence than that of the hollow tube. Both of the couplers attains stable coupling with the hollow

£all A,

waveguides. Loss spectra were d for hollow

centimeters to 3 meters.

with the length ranging from several
Keywords: hollow waveguides, FTIR, tapered coupler, measuring system, loss spectrum, divergence angle

1. INTRODUCTION

A hollow-core guide has the ad of relatively simple structure and low cost. Especially in the mid-infrared
region, a hollow-core waveguide has advantages over a solid-core waveguide, such as low loss and high
laser-induced-damage threshold'”. There are two types of hollow-core waveguides: those with wall materials that has a

refractive index n less than one (ATR guides) and waveguides whose wall materials has a refractive index n greater than
one (Leaky guides) >*. ATR guides may include the GeO, coated hollow waveguides and hollow sapphire waveguides.
GeO, waveguides are fabricated by depositing GeO, film inside glass tubing. Hollow sapphire waveguides are single
crystal waveguides growth by the laser heated pedestal growth (LHPG) method. The dielectric/metal coated hollow
waveguides, whose wall materials refractive index n is greater than one, are leaky guides. They are fabricated by
depositing metallic and dielectric coating inside capillary tubing. Loss spectra of the waveguides show the properties of
film material absorptions and interference peaks and valleys. The information is useful to optimize the waveguide
fabrication such as dielectric material choice and the thickness of the inner-coating films. By using the low-loss
waveguides as a sensing head, absorption and reflectance properties and transmittance for different materials or gases
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can be obtained. The positions and strength of the absorption peaks are related with the materials ingredients and their
concentration. Applications in gas sensing and endoscope measurements are applications that are based on the low-loss
properties both in the mid-infrared and the far-infrared of the hollow waveguides.

We propose the use of Fourier Transform infrared Spectrometer (FTIR) to establish the loss-spectrum
measuring-system in the mid-infrared region. The dielectric/metal coated hollow waveguides, GeO, coated hollow
waveguides and hollow sapphire waveguides were measured by using the system. Repeatability was obtained for the loss
spectrum. Tt ical calculations were also conducted for the abovementioned waveguides according to the loss theory

d

of circular hollow

2. MEASURING SYSTEM
Figure 1 shows the optical path of a FTIR. With the reflector in the middle, light is guided out of FTIR device and

coupled into the measuring waveguide. The output energy of the waveguide ple was d by the
detector. The optical reflections shown in dashed lines were the original optical transmission before FTIR modification.
We build the sample compartment on the external optical platform. Together with the external detector, the
loss-spectrum measuring-system is established. It can measure waveguides with a length from several centimeters to

several meters.

' :t[l Internal
-+~ Detector Interferometer
Sample
Compartment

reflector

Measuring Fiber

coupler External Detector

Fig.1 Schematic setup for the measuring system before and after optical path modification

The coupler in Figure 1 is one of the most important components and has a great influence on the coupling efficiency
of light source to the measuring waveguide. The transmission modes, signal-to-noise ratio (SNR) and attenuations of the
measured results may also be affected. Therefore, we designed and fabricated two kinds of couplers for the system. One
is a silver-coated hollow waveguide coupler. The other is a silver-coated hollow tapered coupler. Inner diameter at the
output end is the same as the measured hollow waveguide for both couplers. This helps to achieve the stability of
coupling efficiency. Figure 2 are images of the coupling system and the two couplers. In figure 2(a), light is reflected
into the coupler by a focused reflector and coupled into the waveguide through the coupler. In figure 2(b), two couplers
are the same in length. The tapered coupler is better in light-gathering because of its big-bore at the input end. This
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results a good coupling efficiency and better SNR in the measuring results. However, tapered coupler has a larger
divergence angle at the output. It excites more higher-order modes with high propagation losses in the waveguide.

Fig.2 Pictures of the coupling system (a) and the couplers (b). A is the waveguide coupler. B is the tapered coupler.

We first selected two dielectric-coated silver hollow waveguides, the dielectric materials were silver iodide and
0C300, respectively. Figure 3(a) shows the loss spectrum of Agl/Ag coated hollow waveguide 3. The length of this
waveguide is 1107 mm and the inner-diameter is 0.7 mm. No obvious absorption for the Agl film can bee seen in the
mid-infrared region. The peak at 2 pum is caused by the interference of light in the Agl film. Peaks at 4.3 pm and around
6 um are caused by the absorption of CO, gas and water vapor in the air. Figure 3(b) is the loss spectrum of OC300/Ag
coated hollow waveguide’. The length of the waveguide is 785 mm and the inner-diameter is 0.7 mm. Peaks at the
wavelength band of 3.5 pm and 8-13 um are caused by the intrinsic absorption of the OC300 film.

Loss spectra were measured with both couplers for the two waveguides, as shown in figure 3. Waveguides were
measured several times in a few days. Loss spectrum for each waveguide was confirmed with good repeatability. We
note that spectra obtained by using different couplers were almost the same, only differ in the absolute attenuation value.
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Fig.3 Measured loss spectra of leaky infrared hollow waveguides using different light source coupler
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3. DISCUSSIONS AND RESULTS

As shown in figure 3, measured loss spectra were different when using different couplers for the same waveguide. The
tapered coupler caused a higher loss than the waveguide coupler. Analysis indicates that the attenuation of hollow
waveguides is related to the divergence angle of light source. A larger angle will excite more higher-order modes, which
have higher loss. In the measuring system, the light has larger divergence angle after the transmission through the
tapered coupler than the waveguide coupler®. Therefore, the spectrum measured by using tapered coupler has higher loss.

We measured the divergence angles at the output end of both couplers. Take two normal planes at the output end of
the coupler and scan the light intensity. Figure 4 plots the intensity distribution. Both planes are over 3 mm away from
the output end and zl is closer. According to the intensity distribution, we calculated full width of half maximum
(FWHM) of each plane. The divergence angle of the light can be obtained by using the FWHMs and the distance
between the normal planes. It is 5.7 degrees along X-axis and 11.5degrees along Y-axis. The light intensity showed the
Gaussian distribution. For tapered coupler, the result is 16 and 98 degrees, respectively. The light intensity distribution is
shown in figure 5. As lots of high-order modes exist, the distribution deviates from the Gaussian distribution and has
several peaks. Also, distributions of both couplers are elliptical because of the properties of the light source and the
light-guiding system in FTIR.
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Fig.4 Profile of light intensity distribution at the output end of the waveguide coupler: Z1 (left) and Z2 (right)
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Fig.5 Profile of light intensity distribution at the output end of the tapered coupler: Z1 (left) and Z2 (right)
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The transmitted power P(z) in hollow waveguides is expressed as®

P&)= [ p(6,)exp{-1- R(6,)z/ 2T oot }5in 8,46,

Where 8, is the maximum launching angle, p(6,) is the angular distribution of the launching power, R(6,) is the power
reflection coefficient of the light. T is the inner di of the guide. By taking the parameters of thickness,
roughness of dielectric film and the divergence angle into the formula, we get the calculated result for the loss spectrum.

We took a COP/Ag coated hollow waveguide for calculation’. Parameters in the calculation were as follows: length,
1003 mm; inner diameter, 0.7 mm. Calculated loss spectrum is shown in figure 6 as well as the measured result. The
measured spectra using different coupler are shown in fig 6 (a) for the waveguide coupler and fig 6 (b) for the tapered
coupler. Peaks at 2 um and 4 pm are caused by the interference of light in the thin COP film. Peaks at 3.5 and 7 pm are
caused by the absorption of the polymer COP. In the calculation, we firstly adjust the COP film thickness to move the
interference peaks to 4 um and 2 pm. The thickness is 0.85 pm in the calculation. Then, we change the roughness of
inner surface and the divergence angle of light source to make the base line of loss spectrum agree with the measured

results. Roughness is 0.03 um and the divergence angle is 15° and 45°for the waveguide coupler and tapered coupler,
respectively.
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Fig.6 Calculated and measured loss spectra using different kinds of couplers

The divergence angle changes from 15 to 45 degrees in the calculation for fig 6 (a) to fig 6 (b). The other parameters
are the same and the loss increases accordingly. This proves that the loss in waveguide is related with the divergence
angle of light source. When the angle gets larger, the loss increases. The 3.5 and 7 um absorption peaks disappeared in
the theoretical spectrum because we did not take into consideration of the material absorption for the polymer layer in
the calculation.

For ATR guides, we made the theoretical calculation for the GeO, coated hollow glass waveguides® and hollow
sapphire waveguides’. The GeO, waveguide is 300 mm long and 1.4 mm in inner-diameter. Figure 7 plots the loss
spectra for measured and calculated results. Low loss character can be found at 7.6 um and within 10-12 pm. These low
loss wavelength bands are caused by the propetties of the materials of the base tube (SiO,) and inner coated film (GeO).
The refractive index n of SiO, around 7.6 um is less than one, while around 10-12 pm, n of GeO, is less than one.
According to the fabrication parameters, the GeO, film was of 3 pm thickness in the theoretical calculation. The surface
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roughness is 0.08 um in root mean square (rms) and the divergence angle of the light source is 20 degrees.
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Fig.7 Calculated and measured loss spectra for GeO, coated hollow glass waveguide

Parameters of the selected hollow sapphire waveguide are as follows: the length is 990 mm, the inner-diameter is 1
mm. Figure 8 is the loss spectrum. The low-loss area is found from 10 to 17um. This is because of the refractive index n
of Al,O;s is less than one in the wavelength band. In the calculation, the divergence angle is 49 degrees.
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Fig.8 Calculated and measured loss spectra for hollow sapphire waveguide

From figure 7 and 8, we note that theoretical loss spectra are in accordance with the measured results both in low-loss
wavelength bands and the absorption peaks. This shows that spectrum from the measuring system is reliable. Also, both
the two ATR waveguides have the low loss character around 10.6 pm, which makes them both suitable for the
transmission of CO, laser light. The refractive index of GeO,, SiO, and AL,O; (sapphire) used in the abovementioned
calculations are from the references 10-12.

From figure 6 to 8, we used slightly different divergence angles for the same coupler. This is because the
inner-diameter and roughness are not the same for these waveguides. We did not consider the influence of elliptical
intensity distribution of the FTIR light source and assumed circular distribution in our calculation. The divergence angle
is selected in a reasonable region. The agreement between the measured and theoretical results suggests that the
measuring system is stable and reliable. The dependence of waveguide loss property on the divergence angle of the light
source is also proved. Low loss property in the measured result can be attained with the guide coupler t of
the smaller divergence angle. Better SNR result for the measurement can be obtained when using a tapered coupler.
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4. CONCLUSION

In order to evaluate the film coating process and the quality of the films plated inside the infrared hollow waveguides,
loss spectrum of the hollow waveguide in the mid-infrared region is normally necessary. The FTIR device usually has a
compartment room of 20 cm in length, which is not capable to measuring the loss characters of a 1-3 m long infrared
hollow waveguide. For the evaluation purpose, the optical path of the FTIR was modified and a sample compartment
was built up on the optical platform with an external detector. The loss spectra of hollow waveguides with the length
ranging from several centimeters to 3 meters were successfully measured with the new measuring system. For the stable
coupling of light source into the hollow waveguides, we designed and fabricated two couplers, the waveguide coupler
and the tapered coupler. The measuring system is stable and the loss spectra measured are reliable. The attenuation value
differs between different couplers of the same waveguides because of the influence of the divergence angle of the light
source. By the measuring results of the divergence angle and the comparison of the theoretical and measured loss
spectra, the influence is confirmed. The experimental and theoretical results are helpful in the improvement of the

coupling methods of the infrared spectrum measuring system and the design of the infrared waveguide sensor.
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