Loss spectrum measurement for infrared hollow
fiber based on the Fourier transform infrared
spectrometer

Cong-Hui Yang,' Hua Hua,' Wei Tan,' Katsumasa Iwai,
Mitsunobu Miyagi,2 Nan Chi," and Yi-Wei Shi"*

School of Information Science and Engineering, Fudan University,
220 Handan Road, Shanghai 200433, China

2Sendai National College of Technology, Sendai 989-3128, Japan
*Corresponding author: ywshi@fudan.edu.cn

Received 16 February 2010; accepted 30 March 2010;
posted 7 April 2010 (Doc. ID 124332); published 26 April 2010

Based on the Fourier transform infrared spectrometer, a system for measuring the loss spectrum of hol-
low fiber is established. Loss spectra can be measured for hollow fibers with length ranging from several
centimeters to 3m. Two kinds of light source coupler are designed and fabricated for achieving stable
coupling and a repeatable spectrum. One is a short waveguide, and the other is a tapered tube. Both are
inner-coated with a silver layer and they are of the same inner d.lameter at the output end as t.he mea-
sured hollow fiber. Characteristics of the measuring system are d. tically and -
tally when using the two couplers. Several kinds of hollow fibers are measured, and the pmpertles of the
loss spectra are discussed. The measured loss value is shown to be dependent on the output divergence
angle of the coupler. The tapered coupler has a larger output divergence and causes higher measured loss

than that of the waveguide coupler. © 2010 Optical Society of America

OCIS codes:

1. Introduction

Infrared hollow fiber has found applications [1-3] in
medical, industrial, and sensing fields due to its
advantages of simple structure, low loss, and high
laser-induced-damage threshold. Hollow fibers can
be grouped into two categories: those with inner wall
materials that have a refractive index n of less than
1, and those with inner wall materials whose n is
greater than 1. The leaky hollow fibers [4], with
n > 1, have metallic and dielectric films deposited
on the inner surface of a capillary. The attenuated
total reflection (ATR) [5] hollow fibers are made of
some special n < 1 oxide glasses. ATR hollow fibers
may include GeOj, coated [6] hollow fibers and hollow
sapphire fibers [7]. GeO, fibers are fabricated by de-
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positing GeO, film inside glass tubing. Hollow sap-
phire fibers are single-crystal fibers grown by the
laser-heated pedestal growth method. The dielec-
tric/metal coated hollow fibers are normally fabri-
cated by using liquid-phase coating techniques and
depositing metallic and dielectric coating inside
capillary tubing.

Loss spectra of hollow fibers show the properties of
film material absorptions and interference peaks and
valleys. These properties in the loss spectra provide
important information for optimizing the fiber fabri-
cation, such as film material selection and the thick-
ness of the inner coating films. By using the low-loss
fiber as a sensing probe, the loss spectrum can be mea-
sured for gas absorption, reflection, and transmission
properties of materials or gases. The positions and
strength of the absorption peaks are related to
the matenal mg'redmnts and their concentration.
r t and laser treatment are
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applications that are based on the low-loss properties
and high-power capability both in the mid- and far-
infrared wavelength regions of the hollow fibers.

We used the Fourier transform infrared (FT-IR)
spectrometer to establish a measuring system of hol-
low fiber for the loss spectrum in the mid-infrared
(MIR) region. The dielectric/metal-coated hollow fi-
bers, GeO, coated hollow fibers and hollow sapphire
fibers, were measured by using the system. A repea-
table spectrum was obtained for the hollow fibers.
Theoretical calculations were also conducted for
the above-mentioned fibers according to the loss
theory of circular hollow fibers.

2. Measuring System

Figure 1 shows the optical diagram of an FT-IR. The
optical reflections shown by the dashed lines were
the original optical transmission before FT-IR mod-
ification. The sample compartment is about 20cm
long. It is difficult to measure a sample longer than
the compartment. To measure the loss property of in-
frared hollow fiber, the beam was guided out of the
FT-IR spectrometer through the infrared window
by the reflector at the center. The beam was focused
by an elliptical mirror and coupled into a coupler. The
output energy of the coupler and measured fiber
were measured by the external detector. The ellipti-
cal mirror and the coupler were fixed on the external
optical platform. With an external detector, a sample
compartment was built up. The measuring system
can measure fibers with lengths from several centi-
meters to several meters.

The coupler is one of the most important compo-
nents. It has great influence on the coupling efficiency
and measured attenuations. We designed and fabri-
cated two kinds of coupler for the system. One is a
silver-coated hollow waveguide coupler. The other is
a silver-coated hollow tapered coupler [8]. The inner
diameter at the output end is the same as the mea-
sured fiber for both couplers. This helps to achieve
the stability of coupling efficiency. Figure 2 shows pic-
tures of the two couplers and their expected focusing
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Fig. 1. (Color online) Schematic diagram of the measuring

system.

. Waveguide

Fig. 2. (Color online) Pictures and focus images for a waveguide
coupler and a tapered coupler.

properties. The tapered coupler accepts more energy
because of its larger bore size at the input end. This
results a good coupling efficiency. On the other hand, a
tapered coupler may cause a larger divergence angle
for the output light. It excites more higher-order
modes with high propagation losses in the fiber.
Two kinds of hollow fiber were selected as the sam-
ples for the test measurement. They were inner
coated with films of Agl/Ag [9] and OC300/Ag [10].
As shown in Fig. 3, loss spectra were measured with
both couplers for the two fibers. Figure 4(a) is the loss
spectra for Agl/Ag-coated hollow fiber. The length of
the fiber is 1107mm and the inner diameter is
0.7 mm. The loss peak at a 2 ym wavelength is caused
by the interference oflight in the thin Agl film. Peaks
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Fig. 3. Measured loss spectra of leaky infrared hollow fibers
using different couplers.
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Fig. 4. (Color online) Light intensity distribution at the output end of the fiber coupler. (a) Plane Z; and (b) plane Z, were 1.5 and 3mm

from the output end, respectively.

at wavelength bands of 4.3 and 6 um are caused by
the absorption of CO; gas and water vapor in the
air. Figure 3(b) is the loss spectra of OC300/Ag-coated
hollow fiber. The length of the fiber is 785 mm and
the inner diameter is 0.7mm. Peaks at the wave-
length band of 3.5 and 8-13um are caused by the
intrinsic absorption of the OC300 film. Fibers were
measured several times in a few days. A repeatable
loss spectrum was obtained for both couplers. How-
ever, we note that the spectrum has different at-
tenuation values even for an identical fiber when
using different couplers.

3. Discussion

Analysis indicated that the attenuation of hollow fi-
ber is dependent on the coupling conditions of the
light source [11]. A larger divergence angle will excite
more higher-order modes, which causes higher loss.
We measured the divergence angles at the output
ends of both couplers. Take two normal planes at
the output end of the coupler and scan the light inten-
sity. Figure 4 shows the two- and three-dimensional
intensity distributions at the planes Z; and Z,, which
were 1.5 and 3 mm from the output end. We obtained
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full width at half-maximum (FWHM) of light at each
plane according to the distribution. The divergence
angle of the light can be calculated by using the two
FWHM values and the distance between the normal
planes. Measurement results showed that the diver-
gence angle was dependent on the length of the cou-
pler. When the waveguide-type coupler has alength of
120 mm, the divergence angle was 9.7° along the X
axis and 19.5° along the Y axis. The light intensity
showed an approximately Gaussian distribution. It
means that most energy was in a low-order mode.
The same measurements were made on the tapered
coupler. The light intensity distribution is shown in
Fig. 5 and the divergence angles were 16° and 98°
along the X axis and the Y axis, respectively. As lots
of high-order modes exist, the distribution shows
several high-intensity spots. Moreover, intensity
distributions for both couplers were elliptical because
of the properties of the light source. The MIR light
source of FT-IR is a globar, a heated silicon car-
bide rod.

The transmitted power P(z) in hollow fibers can be
expressed as [12]
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Fig. 5. (Color online) Light intensity distribution at the output end of the tapered coupler.

e
PE) = [ p(e.) exp(-1
—R(6,)]2/2T cotf,} sin6,d6,, (1)

where 0, is the maximum launching angle, p(6,) is
the angular distribution of the launching power,
R(0,) is the power reflection coefficient of the light,
and T is the inner diameter of the fiber. By taking
into consideration the divergence angle, the film
thickness, and surface roughness, we obtained the
calculated result for the loss spectrum.

A cyclic olefin polymer (COP)/Ag-coated hollow fi-
ber [13] was used for the comparison of calculated
and measured spectra. The fiber is 1003 mm long,
with a 0.7mm inner diameter. The calculated and
measured loss spectra using different couplers are
shown in Fig. 6. Peaks at the wavelengths of 2 and
4 um are caused by the interference of light in the thin
COP film. Sharp peaks at 3.5 and 7 um are caused by
the absorption of the COP. In the spectrum calcula-
tion, film thickness, film surface roughness, and the
beam divergence angle were adjusted to match the
measured results. Calculation results showed that
the COP film thickness was 0.85 um and the surface
roughness was 30 nm in root mean square (rms). The
divergence angles in the calculation were 15° and 45°
for the waveguide coupler and the tapered coupler, re-
spectively. Considering the influence of an elliptical
intensity distribution of the light beam (in the calcu-
lation, the intensity was assumed to be of circular
distribution), the results agree well with the mea-
sured results. The divergence angles used in the cal-
culation were reasonable. The absorption peaks at the
wavelengths of 3.5 and 7 ym disappeared in the calcu-
lated spectra because we did not take into considera-
tion the material absorption for the polymer layer in
the calculation.

We also made the calculation and measurement for
two ATR-type hollow fibers, GeO, coated hollow
glass fiber and hollow sapphire fibers. The GeO, fi-
ber is 300 mm long and 1.4mm in inner diameter.
Figure 7 shows the loss spectra for measured and

calculated results. Low-loss windows can be found
at the wavelength bands of 7.6 and 10-12 ym. These
low-loss wavelength bands are caused by the proper-
ties of the materials of the base tube (Si0,) and
inner-coated film (GeO,). The inset in Fig. 7 shows
the loss spectra for the glass-based tube. The refrac-
tive index n is less than 1 for SiO; around 7.6 ym. n of
GeO, is less than 1 around 10-12um. Sol-gel GeO,
coatings were deposited into silica glass substrate
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Fig. 6. Calculated and measured loss spectra using (a) the wave-
guide coupler and (b) the tapered coupler.
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Fig. 7. (Color online) Calculated and measured loss spectra for a

GeO, coated hollow glass fiber.

by cycles of a dip-coating operation. Since the thick-
ness of a single layer of GeO, produced in this way
was typically limited to less than 0.4 um, several cy-
cles were needed to build up uniform thick coatings.
According to the fabrication parameters, the GeO,
film was of 2.8 um thickness in the theoretical calcu-
lation. The surface roughness was 80 nm in rms. Loss
peaks in calculation results at 8.9 and 9.4 um were
caused by the multilayered film antireflection. Sharp
antireflection peaks disappeared in the measured
loss spectrum. This is because the accumulated thick
GeO, film has a rather rough surface. The hollow
sapphire fiber, a product of Saphikon, Inc., has a
length of 990 mm and an inner diameter of 1mm.
Figure 8 shows the loss spectra. The low-loss area
was found from 10 to 17 um. This is because the re-
fractive index n of Al,Oj is less than 1 in the wave-
length band. In the calculation, the divergence angle
is 45°.

We note that the theoretical loss spectra are in
good accordance with the measured results both in
low-loss wavelength bands and the absorption peaks
in Figs. 7 and 8. This means that the measured spec-
trum from the system is reliable. Furthermore, both
the ATR fibers have a low-loss property around
10.6 ym, which makes them suitable for delivering
CO, laser light. The data of refractive indices for
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Fig. 8. Calculated and measured loss spectra for a hollow
sapphire fiber.
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GeO,, SiO,, and Al,O; (sapphire) used in the calcu-
lations are taken from published literature [14,15].

4. Conclusions

Based on a commercially available FT-IR spectro-
meter, a beam was guided out of the FT-IR and a
new sample compartment was built on the optical
platform with an external detector. The loss spectra
of hollow fibers with lengths ranging from several
centimeters to 3m can be measured. We designed
and fabricated two couplers, a waveguide coupler
and a tapered coupler, to achieve repeatable spec-
trum and easy coupling. The attenuation values
changed when different couplers were used, even
for the identical fiber, because of the influence of
the divergence angle of the incident light source.
The experimental and theoretical results are helpful
in the improvement of the coupling methods of the
infrared spectrum measuring system and the design
of infrared fiber sensors.
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Synchronous radiation with Er:YAG and
Ho:YAG lasers for efficient ablation of
hard tissues
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Abstract: Er:-YAG and Ho:YAG laser beams were combined to irradiate
hard tissues to achieve highly efficient ablation with low laser power. The
delay time between pulses of the two lasers was controlled to irradiate
alumina ceramic balls used as hard tissue models. With optimized delay
time, the combined laser beam perforated the sample 40% deeper than
independent radiation by either an Er:YAG or Ho:YAG laser. An ultra-
high-speed camera and an infrared thermography camera were used to
observe and investigate the ablation mechanisms.

© 2010 Optical Society of America
OCIS Codes: (170.0170) Medical optics and biotechnology; (170.1020) Ablation of tissue.
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1. Introduction

Since the water that bio-tissues contain strongly absorbs infrared light, irradiation with
infrared lasers has a strong effect on both hard and soft tissues and, therefore, is used in a
variety of medical applications. In urological applications, such as of enlarged
prostate and fragmentation of urinary calculi, 2.1-um wavelength Ho:YAG lasers are often
used, and the laser light is delivered by common silica-glass fiberoptics in a thin endoscope to
irradiate inside the human body [1-4]. In dental apphcauons, 2.94-pym wavelength Er:YAG
lasers are often used [5] b the wavel [ with a water absorption line [6],
which enables highly efficient ablation of hydroxyapatite, which contains a large amount of
water [7].

It has also been reported that more effective fragmentation of urinary calculi is possible
with Er:YAG lasers [8] because the laser light is strongly absorbed by the calcium oxalate and
magnesium ammonium phosphate in urinary calculi [9,10). However, flexible silica-glass
optical fibers cannot be used for delivery of Er:YAG lasers because of the absorption loss of
silica in the 3-um wavelength region. To solve this problem, optical fibers made of infrared
transmission glasses such as germanium oxide [11] and fluoride glasses [12,13] have been
proposed and developed for transmission of Er:YAG laser light. Although these glass fibers
have low transmission losses, when transmitting high-powered lasers, they need special care
on the input and output end surfaces because of fragileness of theses glasses. Also, for
germanium-oxide glasses, the output end should be spliced to silica fiber tip when used in
water [14]. In contrast, hollow optical fibers are robust and have high energy transmission
capability and they are also useful for laser application in water by putting a glass cap on the
distal end [15]. We have developed hollow optical fibers that deliver radiation of both the
Er:-YAG and the Ho:YAG lasers with high efficiency [16] and they enable simultaneous
delivery of these two lasers.

To increase ablation speed for hard tissues such as teeth and calculi, radiation with laser
pulses with a high average power becomes necessary. However, this also generates heat in the
vicinity of the irradiated part [17] that could cause damage or pain. To improve ablation speed
with infrared laser light, here we investigate effects of synchronous irradiation with Ho:YAG
and Er:YAG lasers for more efficient hard tissue ablation. Pratisto, e al, reported that, in
hard-tissue ablation in water, ablation effect of Er:YSGG laser light (A = 2.79 pm) is enhanced
more than twice when an Er:YSGG pulse is radiated after a Ho:YAG laser pulse with a delay
time of 100 ps. This is because the Ho:YAG creates a vapor channel in water [18,19] and
Er:YSGG transmits in the channel with a low absorption loss. In this case, the Ho:YAG works
only for creating vapor channel in water and it has no direct effect on ablation. In this paper,
we try increasing the ablation effect for tissues that have wet surface. We synchronously
radiate Er:- and Ho:YAG lasers in air and show that both lasers have different ablation effects.
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With a proper delay in these two laser pulses, these ablation effects enhance each other and
give higher ablation effect.

2. Experimental setup

We used the experimental setup shown in Fig. 1 to irradiate a hard tissue model with light
from two different lasers. Since we assume a laser system with a flexible hollow-optical fiber,
we use a hollow fiber that is available in market [20]. The fiber also acts as an optic to
irradiate a single small spot with combined beam of the two lasers. Ho:YAG (A = 2.1 pm) and
Er:YAG (A = 2.94 um) laser beams are combined with a dichroic mirror and the combined
beam is focused by a f = 100 mm CaF, lens on the input end of a hollow optical fiber. The
inner diameter of the fiber is 0.7 mm and the length is 30 cm. The inside surface of the hollow
fiber is coated with silver and cyclic-olefin polymer (COP) thin film. The thickness of the
COP is 0.3 pm so that the transmission losses for both Er:YAG and Ho:YAG lasers are
reduced by the interference effect of the polymer film that acts as a reflection enhancement
coating [21]. The transmission losses of the 30-cm long hollow optical fiber used in the
experiment were 1.0 dB for Ho:YAG and 0.5 dB for Er:YAG laser light.

CaPF, lens

(=100 mm) Hollow optical fiber

(0.7 mm¢ X 30 cm)

Sealing cap

Hard tissue model
(ALO3)

Delay Trigger pulse
Fig. 1. Experil setup with dual length laser.

The distal end of the hollow optical fiber is capped to protect the inside of the fiber from
vapor and debris from the ablated tissues [15]. We used hemispheric silica glass caps [22].
The focusing effect of the caps enables highly efficient ablation due to the high energy
intensity at the focal point. Figure 2 shows the laser beam diameters measured from burn
patterns on thermal paper. The focal length of the cap is around 0.8 mm from the end surface
for both lasers and the insertion loss is around 10% for the Ho:YAG and 15% for the Er:YAG
laser. The difference is due to absorption by silica glass, which is slightly higher for Er:YAG
laser light.

2

Laser beam diameter (mm)

Distance from cap surface (mm)
Fig. 2. Laser beam sizes measured from burn patterns.
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The laser 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 alumina (Al,O;) ceramic balls used as a hard tissue model and human
tooth samples. When alumina balls have been soaked in water for more than 24 hours, the
water content and density are compatible to dentin and enamel of human tooth. We used a
thermographic camera with 350-frame/sec of capture speed and an ultra-high-speed camera
with 50,000-frame/sec capture speed to observe the ablation phenomena and investigate their
mechanisms.

3. Experiment
3.1 Laser ablation

First, we irradiated alumina balls with Ho:YAG and Er:YAG laser pulses independently and
measured the widths and depths of the ablated holes on the alumina balls. The di of
the alumina balls were 4 to 6 mm. The balls had been soaked in water for more than 24 hours
prior to the experiment and had water content of 5-10% by weight. The laser pulses used in
the experiment for both lasers had 200 mJ of pulse energy, widths of 250 ps, and repetition
rates of 3 Hz. The measured depths and widths as a function of number of pulses are shown in
Fig. 3. Cross sections of the ablated holes after 30 pulses are shown in Fig. 4. The error bars
show measurement accuracy.

2 3
£ £
g E2
E =
=1 &
31 e
5 g
k= = 1
=2 =2
2 2

0 0

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

Fig. 3. Widths and depths of ablated holes as a function of number of laser pulses.

Fig. 4. Cross sections of alumina balls after ablation of 30 pulses.

Although the widths of the two lasers are comparable (Fig. 3), the depths are clearly
different. When irradiated with the Ho:YAG, the depth saturated at large pulse numbers. This
is because the energy density of the laser beam becomes lower than the ablation threshold of
hard tissues when the beam spreads behind the focus spot. For the Er:YAG, in contrast, the
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depth increases linearly with the number of pulses because the energy density of the laser
beam always exceeds the ablation threshold due to the higher absorption coefficient in water
for the Er:YAG laser light.

In the next experiment, to investigate the ablation capabilities, we measured the weight
decrease of the alumina balls after laser ablation. The balls were fixed on the table and we
irradiated the surface, randomly changing the irradiated spot without a water supply. The
pulse widths were 250 ps for Ho:YAG and 300 ps for Er:YAG, and the irradiation time was 1
minute with a repetition rate of 10 Hz (600 pulses applied in total). Figure 5 shows the weight
decreases of alumina balls as a function of pulse energy. The data show the average values of
10 measurements with different samples. As shown in Fig. 5, the weight linearly decreased
with pulse energy and the ablation capability of the Er:YAG was two or three times higher
than that of the Ho:YAG laser. This is apparently due to the difference of absorption in water
of the two lasers.

Weight decrease (mg)

0 50 100 150 200
Pulse energy (mJ)

Fig. 5. Weight decreases of alumina balls after laser irradiation.

3.2 Ablation with two lasers

Next we investigated the ablation effect of synchronously irradiating with both lasers. We
changed the delay time between the two lasers and observed the effect on the ablation of
alumina balls. Both lasers had pulse energies of 100 mJ and pulse widths of 250 ps at a
repetition rate of 3 Hz. We compared the ablation depths with those made by the Er:YAG
alone with a pulse energy of 200 mJ.

Figure 6 shows cross sections of alumina balls after 40 pulses (20 pulses for each laser)
with delay times of —100, 0, and 200 ps. Positive delay time means that the Ho:YAG was
emitted before the Er:YAG. Figure 7 shows the depths of ablated holes after 10 pulses as a
function of the delay time. It is clear that the depths are highly dependent on the delay time.
When irradiated with a delay time of + 500 ps or less, depths drastically changed with the
delay. The smallest depth was obtained at the delay time of —100 ps, and the obtained depth
was 25% smaller than those made by radiation with the Er:YAG laser alone. On the other
hand, the deepest ablation was obtained at the delay time of 200-300 ps and the ablated hole
was 40% deeper. In another experiments measuring weight decrease of the samples after laser
radiation, we had results that are similar with the ones with ablation depth. Therefore we use
ablation depth for evaluation of ablated volume in this paper. Figure 8 shows the measured
depths ablated by a dual-wavelength laser with a delay time of 200 ps as a function of number
of pulses. Data for radiation with the Er:YAG laser alone are also shown for comparison.
Depths ablated by the dual-wavelength laser increased rapidly after only a few pulses.
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Fig. 6. Cross sections of alumina balls ablated by dual-wavelength laser with a delay time of (a)
—100 ps, (b) no delay, (c) 200 ps.

08 Dual-wavelength laser

0.6

04 | Er:YAG alone

Ablation depth (mm)

02

0
-50000 -600 -300 0 300 600 50000

Delay time (us)
Fig. 7. Ablation depths of alumina balls as a function of delay time.
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Fig. 8. Ablation depths of alumina balls as a function of number of pulses.

3.3 Observation

To investigate the ablation mechanism shown in Fig. 7, we observed the ablation phenomena
using an ultra-high-speed camera. We irradiated alumina balls with laser pulses and recorded
the moment of ablation at the surface at 50,000 frame/sec. Figures 9(a) and 9(b) show
ablations with (a) Er:YAG and (b) Ho:YAG lasers alone. Figure 9(c) is the moment of an
Er:YAG pulse that was shot 200 ps after a Ho:YAG pulse. When the sample was irradiated
with Er:YAG laser light, powdery dust scattered from the surface immediately. This is
because the laser energy was absorbed in the outermost surface of the ball. On the other hand,
for the Ho:YAG laser, relatively large debris was scattered. The laser beam penetrated the ball
and an explosive ablation occurred from the inside.

When a Ho: YAG pulse was shot after an Er:YAG, powdery dust generated by the Er:YAG
blocked the Ho:YAG pulse [23,24]. As a result, the smallest depth was obtained with a delay
time of —100 ps, as shown in Fig. 7. In contrast, when an Er:YAG pulse was emitted after a
Ho:YAG pulse [Fig. 9(c)], large fragments were scattered. In this case, the Ho:YAG pulse
gives ablation effect free from dust from ablation with the Er:YAG.

(a) ErYAG (b) Ho:YAG (c) Ho:YAG and Er:YAG with
a delay time of 200 ps
Fig. 9. Moment of ablation with Ho:YAG and Er:YAG lasers

Next, we used a thermographic camera to observe heat generation during ablation of the
alumina balls. Figure 10 shows thermal images of cross sections of balls 3 ms after laser
radiation. When the Er:YAG laser was used, heat generated from the laser beam stayed at the
surface. In contrast, with the Ho:YAG laser, laser energy penetrated deeper and heat diffused
over a large area. This was due to the difference of absorption coefficients and is one of the
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reasons why the ablation with Ho:YAG occurred from the inside as shown in Fig. 9(b). At the
optimum condition in Fig. 7, where the Er:YAG emitted 200 ps after the Ho:YAG, the heat
was generated in a deeper area before the Er:YAG pulse. This decreased the absorption
coefficient of water and the Er:YAG laser beam penetrated deeper into the ball, which led to
ablation from within the ball.

From these results, it is seen that the Ho:YAG laser apparently plays a part in ablation.
Ho:YAG laser light penetrates deeper into the tissue and causes ablation from deeper area in
contrast to Er:YAG laser light that is strongly absorbed and ablates the tissue from the
outmost surface. When these two lasers are simultaneously radiated, ablation from the surface
and deeper area occur in the same time. Furthermore, they have synergetic effects in ablation.
Heat generated by the Ho:YAG pulse that is radiated on ahead decreases the absorption
coefficient of water at 2.94-um wavelength [25,26], and the Er:YAG can penetrate deeper and
ablate the tissue from deeper area. However, this synergistic effect is limited by debris
induced by laser light. If the debris on the laser path can be perfectly removed, we can
irradiate two lasers just simultaneously to the tissue, which will lead to stronger ablation
effect. We are now trying to remove the debris by spraying water during the ablation and the
result will be reported elsewhere.

120C

1 mm

(a) EnYAG (b) Ho:YAG (¢) Ho:YAG and Er:YAG with 10C
a delay time of 200 ps

Fig. 10. Thermal images of cross sections of balls after laser pulse irradiation.

3.4 Dental ablation

We also applied dual-wavelength laser radiation to human teeth. Human teeth were sliced into
0.3-mm-thick pieces and soaked in water before the experiment. The same ablation
experiments as above were performed, and we used an ultra-high-speed camera to observe the
ablation phenomena on the dentin surface. Figures 11(a) and 11(b) show the ablation
phenomena with (a) Er:YAG and (b) Ho:YAG lasers alone. Figure 11(c) is the moment of an
Er:YAG pulse shot 200 ps after the Ho:YAG. This ablation was similar to the one observed
for alumina balls (compare to Fig. 9), and there was also a synchronous radiation effect for the
two lasers.
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Dentin

(a) EYAG (b) Ho:YAG (c) Ho:YAG and Er:YAG with
a delay time of 200 ps
Fig. 11. Moment of ablation of dentin with Ho:YAG and Er:YAG lasers.

Figure 12 shows a cross section of human dentin after 5 pulses of laser irradiation with a
repetition rate of 3 Hz. Ablation effects for the tooth samples were similar to those for the
alumina balls. At the optimum condition described above, we obtained 25% deeper ablation
than in the tooth irradiated with Er:YAG only.

We used an optical microscope to investigate the surface condition of dental tissues after
laser ablation. Figure 13 shows the surface of the dentin after sole radiation of Ho:YAG and
Er:YAG, and dual-wavelength laser radiation of these. With the Ho:YAG, the surface is
thermally damaged and carbonized in contrast to the surface radiated with the Er:YAG that
has no damage. When irradiated with combination of these two lasers, the surface had a little
thermal damage that is due to heat generated by the Ho:YAG. Since the surface of the dental
tissue was not cooled in this experiment, the thermal damage will be largely reduced by
applying water cooling.

e 8 T
(a) Er:YAG (200 mJ) (b) Ho:YAG (100 mJ) and
Er:YAG(100 mJ, 200 ps delay)

Fig. 12. Cross section of human dentin after laser irradiation.

#128212 - $15.00 USD Received 12 May 2010; revised 5 Jul 2010; accepted 27 Jul 2010; published 2 Aug 2010
(C) 2010 OSA 1 September 2010/ Vol. 1, No. 2/ BIOMEDICAL OPTICS EXPRESS 345



(a) EnYAG (b) Ho:YAG (c) Ho:YAG and Er:YAG
with a delay time of 200 pus
Fig. 13. Surface of dentin after laser ablation.

4. Conclusion

Laser ablation experiments were performed on hard tissues using a combined beam of
Ho:YAG and Er:YAG laser light. Alumina balls were used as a hard-tissue model and
ablation phenomena were observed with an ultra-high-speed camera. The two lasers had
different ablation effects due to the different absorption coefficients in water contained in the
tissues. When the two lasers were combined to irradiate the sample, ablation capabilities were
highly dependent on the delay time between the pulses of the two lasers. When the Er'YAG
laser radiated 200 ps after the Ho:YAG, the ablated hole was 40% deeper.

With combination of these two lasers, ablation from the surface that is with Er:YAG and
deeper area with Ho:YAG occur in the same time. Furthermore, heat generated by the
Ho:YAG pulse that is radiated on ahead decreases the absorption coefficient of water at the
Er:YAG wavelength. Then the Er:YAG can penetrate deeper and ablate the tissue from deeper

area. The same ablation effects were seen on human dentin; sharp, deep holes were ablated in
the dentin at the optimum condition.
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%5 COP AR DR ERHEZ B O MIT L,
BE W
1) K. Iwai, Y. W. Shi, M. Miyagi and Y. Matsuura :

Opt. & Laser Technol. 39, 8, 1528 (2007).
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Improvement of Transmission Properties for 50-um bore Silver Hollow Fiber
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1. IZLHIC

FEEGIL, PET 7 A SOERFGFARGEZ ERANRSHE
DIERIIEFICIET 5 72 HICPIEE 50 pm 227 7 A SOBY
HEIToTEEY , ABFETIE, FE SO pmFZET 7 A 3
ZRET B DOBRETHHIERERBRLET 7 4 RO
REEIZOWTHEEZ R T,

2. BE &R

SRIEOTRRITBBILITIC L V1T 5. B 1IZHE 50 pm 8]
FET 7 A ROBERBEZTRT, PLET 7 A NONESM
725 LRGIFUSHIROTHENET L, FHfHED7 7 A
ANNEICTEVRBTERENTLE D, £I T AETT
A% 7 Y (NE 50 pum. 4 150 pm. B X 50 cm)%
300 AR AV FAEZMEL, BEMERE<T2HIL
T, HEOHM 21T o7, HEICOWTIE, ThE TRE
L= 320 pm SRPZE7 7 4 SOBEREN D, 10
mlmin BE* BEE T 5,

BEOHBRZERT D0, Ay FAELIEREY T
AFx v T ) OABICHTHHBOBERITo 70, ERE
B 2 1273, 4800 ALL LTIt ROMMBIID <20,
ZHUIAEEAE 2 B LAY RADOWFIEGE b MM 57
W, WFIERET HBRCAVIERT 2 — T RBIR 25T
LT, WEASTHNE#L Rofcled L Bbhd, AENT R
F¥ BT Y% 300 KRR AV ML 32 KEFIERT S
ZECkY, 112 mUmin KR L7, ZO%E CRERE
ATV, SREERER 7 . HRALEE Lk, BRERLAH
HEREREE 30 2T 7

X 3 12 BE L= 50 pm HZET 7 A 28 (B E 10 em)D
AR-ERNABERHFCBTIHRRERARZ bV
(FWHM10.6 ° OH 7 A E—ATHR) ZRT. HEHN 11
ml/min OFHECRIELIZBPZET 74 /5, R 1 pum i<
BWT, 10dB~13dB & 7220, BAfl & F/MEDFED 3 dB
BELRY, 60X 2MA 5T ENHKE, ZORET
FEERR T 7 A N EBYETE ST LR DT,

3. FEH

S 50 pm, & 10 cm OERFZET 7 £ NORUEIZIB N
T, SRSERUSICRIT DK H &% 10 mUmin LA EICHKET
B L TREFEOIEIL X EMH L, BR 1 pm 2BV
T 10 dB EBE OBMIRERPLET 7 A NOBEIRII LTz,

BEXM
1) FT#B, FEF, A, B, A, PR 2 FEERBERY
2 HALREEA KRS, 2D09 (2009).
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