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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.
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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 treatment 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 applications, 2.94-um wavelength Er:YAG
lasers are often used [5] because the wavelength coincides 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, et 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 pm) 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.

CaF, lens

(f=100 mm) Hollow optical fiber

(0.7 mm¢ X 30 cm)

: Sealing cap

1
1
Er:YAG i' '/ Hard tissue model

(Al,03)

Delay Trigger pulse
Fig. 1. Experimental setup with dual-wavelength 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.

Laser beam diameter (mm)

0 1 2 3
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 s 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 s, 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
= Ez
£ Er:YAG £
s 1 - o
= ¥ ¥ ¥ 2 b
S R b alh IR- Nt
z Ho:YAG =
< <
0 0
0 10 20 30 0 10 20 30
Number of pulses Number of pulses
(a) Ablation width (b) Ablation depth

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

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

30

20 |

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 us 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 us 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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(b) no delay

(c) 200 ps delay
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.
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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

+ Alumina

(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) Er:YAG (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.

(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.
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Irradiated spot -

(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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ZRBEORYELEERBLUX v v TREI DO
T AV ¥ — 2L 887, AN 2 HEF
BA LR %K 2 1I27R Y. EnYAG L —HkI3#E
BORBEASE C . HoYAG L — ¥ RIZEBRERATE NS
WP ol. T2 RFERRIHCE Y, AL
BEBATEER SN TE Y, YIBR & ERIC I 6
LBbhs,

KA, KPICB R BEFEEZNET %0
ZHHBEDCHEZRBRBIERSINS LIS
Er:YAG L —#J(5Hz, 100mJ), Ho:YAG L —¥#3%
(10Hz, 100mJ )% BAHBEAFRFIRST 3 50 (3 (2B
SRR B ARE - BEREZ R T, Kfizb\v
THABE S L UERER IR SNz, ZRPTHR
SR E R T LR - SEREIEC RS,
AR TEEHBRH LG T, & - BEREQ
BEAEELEZVWI W07,

4. FL®

Er:YAG L —#% & Ho:YAG L —¥(DHZET 7

A NFEBHERE Y AT AR HWT, WA - &

Fokk, TRALRFERFERE TR

ERREZWEL 2o 2 HRFEAKEIICL D, YBRE
IEMARERICT &, KPICBWTHEMEB & U8
EE AR TE DI L7,

ZSE UM

1) BB, Bl TR 19 FEERBRFRE

JeX#E A K, 1H11 (2007).
ZnSe CaF: Lens
Sealing
Ho:YAG 9.0."1% f=76 mm o Cap
4
Laser i Tapcr Hollow
Coupler Fiber
Er: YAG
Laser
1 7747w EnYAG &

Ho:YAG L —HHDORIKHRHR S AT A

(@)Er:YAG  (BEr:YAG  (c) Ho:YAG
(10Hz, 100m3) GH2Z: S0mI) (101, 100m1)
Ho:YAG
(10Hz, 100mJ)

2 B~ DEr:YAG & Ho:YAG L — LB+
BL. #MMIZFR, REFES 2,

3 T T T T
Vaporization
InAir
’g 2 [ _
E i
'g In Water ! |
R 1F " In Air
A Coagulation ;"\ 2
'\, In Water
0 1 1 1 1

5 10 15 20 25 30
Irradiation Time (sec)

©3 2 ERERBHIC L 2 HAKOTER - EERR
{8 L., $k#&kI34-A. Er:YAG (5 Hz, 100 mJ)
& Ho:YAG (10Hz, 100m))% [F] kBB 4T,
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Fabrication of 100-um-bore Hollow Fiber for Infrared laser

BOERT B #E”
Yi-WeiShi  Yuji Matsuura

HHF e

Katsumasa Iwai

R ORET
Mitsunobu Miyagi

TR EETERSEMEE 2 gERYE WERAETER O RLREAER ETI¥HEM
Sendai National College of Tech. School of Info. Science and Eng., Fudan Univ. Graduate School of Biomedical Eng., Tohoku Univ.

1. IZLCBHIC

EHDIT, PRIVERRERROLDIZ, AR 100
um BRBRFET 7 A NOBAEZRREL, URIOHETIL,
BB R RBRABRRTLET 7 A NOMETED LY . 4E

BEXR
1) &H, B, A, BW EF YK, C-3-32(2007).

Connection Tube
B REEE AV, &0 ERRREER Y~ — NEEME pingae
SRPET 7 A NOBUEEIT IO THRET 5, ) Silica-Glass
Silica-Glass Capillary Tube  pyoty 1 || Capillary Tube

2. SUE & EETE A

H ) - —BOFRILEREIC K 0475, B 1IZHFERY D= ‘ A
v NEBABRNZET 7 4 AOMEERETRT, P 530 um <=l
A NONBRBML 125 L, B < —EROFES BB "~ Polymer
WD, EORD, BEAOERAICBITHF2—TH& - ] | Solution
DBVICLY | ERHESEAEL, 77 A Sk FHOH —
BEBEELDLEDRE, £20 @ERVENE 0 e Ay s
um OEEF = —7 2N 530 um & 230 pm D 2 ExREEERE BT
(E 1 EBR)CHRT S LIk D, BRI 5% Epoxy || |
HEOEBZMZ, B—2RY ~—BREIT . |

KRV =—iT, BRAL T 42K Y v— (COP)& ZiR

BEEAC R PR ER R E OC No.300 7 ) 77— (0C300)% A
W3, EnYAG L—¥¥ (R 2.94 pam)AOMBHZET7 7 A
RNERETIHE. BORY v —BBEIAVLIhD, £O
BE, BOEECIXKED ER L, BOEENKE SET
B, £ZT. BRELLERZRREITI LDIC, ZRES I—
Fa—7TR/RESE, XY ~—¥BE L THALHEM
ZBFEZAVA, NE 100 um, & X 30 cm ORFZET 7
A NEHER Y v — 2 ZEEE 10 cm/min TEKRL, TO
%, ZRAH A ZHiR 100 mVmin TH L2235, FEREHEL
1 RERfT o 7,

X 2 [ZBPEL 72N 100 pm ¥R ) v —P3kgRpzE 7
748 (RE 10 cm)D AHSERAMERFICE T 2RRBER
ZRY RV (FWHMI0.6 ° DA 7 & E— A TlR) &2 RT,
e LT, N 100 pm ERFZET 7 A /8 (B & 10 cm) bR
T, WIEIE 8.5wt%D COP % FIV T, Nd:YAG L —
FH @R 1.064 yum)FAIFZE7 7 A SOBEERD LA,
I EORBYLIX, COP HIEOKEE L # < RiETH -7,
0C300 ¥iKIL COP PAME & LB L TREEDMES | WEWRIREE
38 wi%% BV T, EnYAG L —¥WAak(# L7 RE 2 5
B2z LiclS Lz, ARERTHE—IBRoh, 77
A NN —RAEBEFERTE TWD EEbh 5,

3. F¥&oH

BRBRPET 74 RORXFERY v — DRBEEIC OV TR
MEITV. NEYAG L—¥FRB LT EnYAG V—FHRAD
EHLRAE 100 pm, &S 10 cm OHER Y ~—NEHRS
227 74 NORETHRI LT,

Attenuation (dB)

Ag hollow fiber
(ID/OD=100/170pm)

Micro Tube Pump

X 1

AR 100 pm SEFEK Y v —AEkeRze
77 A NBUERE

0C300(38wt%)/Ag

VAg
t%)/Ag 7

0.5 1

Wavelength (um)

2 P 100 pm FZET 7 A SO FRSEFRADEK
FFARZ FVEWHMI0.6 “OH 7 A E—AT

i)

2008/9/16 ~ 19 JIl§H Copyright © 2008 IEICE
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Er:YAG, Ho:YAG L —H D FFEREHIC X 2 BEAHMR O B 2h R A
Radiation of Er:YAG and Ho:YAG lasers for highly efficient ablation of hard tissues

S B YEH mE i e
Tomonori Watanabe Katsumasa Iwai Yuji Matsuura
HALRFREB TFEHRR & EH TH¥mEF AR

Graduate school of Engineering, Tohoku University Sendai National College of Technology

1. 1ILHIT

WIF - fER 72 & OAKIEALERO GIN - FRBIAHRICIE Ho'YAG (Cr,Tm,Ho'YAG) L—¥#% Er'YAG L —¥AHMA L &nT
VB IHOL—FIRMICE R SN AMC L —PRNRIREND T LT & D RIREAT S 25, FEARDEIPREEBIC
BRERIAVAZIAE—ROTH AT — 2 NELT 5. REEORORAEZMZ B DI L VIETIAX—CTHBEITD
FHELLT, BADIN—TIEEROZER V-V ERMBHTZ LT, MEERACIIBVIRIBRIGONDZLE
RH L7, 22 CTABETIE, RERHET2 _HER VAOBRY A IV 72681+ 5 2 LT, SERERROGIH] - K#%
R LS DD OB RFIITONTRAT 5.

2. “HE ULR L—FORBERNR =;_Dcap
AR Y v 7 VBRERICAWEERRER 1 1277, HoYAG (A=2.1 Hollow Fiber

um) & ErYAG (A=2.94pm) # bt —AR7Y) v 4 ZAVWTRERE L, FZEXE

T7ANRASRE, Ly Xx vy TICLVEXRSES I VICRE - GIHI %17

ofc. HU—FO/NAIMNB R Y A XV HlEESh, b)Y H— IV RITER

HExE2DI LT, ZHRSVADRE/ UV RBIE & psec +— & —THI#EI L T Delay Trigger Pulse

W5, BEY L TSITEE 4~6 mm DTV I (AlOs) £F Iy s B—L

L. 1 ZHEV—FRFBHR

3. FA IV THIBEIC X D EIRIRER e

BB L7 7 v 3 FR—AOEIC K LEEIC L—F 2B - SIHIL, Z 08 E
BB L RS ZFBI LI, £L—FORYELAREY 3Hz, /SVATFAX g
—#% 100 mJ & L7z, ZHEV—FERFRE LCHE, SHIRITEH L2 § R AT
BECEDLTIRE—EOBE ot h, MRS IRF SV ABECIVR 8§ Fx(200 m)
ELEBT 52 L ibhor. M2, HRESVADRK S A IV 7 (ErYAG f, 02 ! w
15 Ho'YAG OEIERSR) (Xt B EIMIR S 27, HoYAG IK)fL < 0 I DO

ErYAG L—¥% 200~300 psec SESH7z & & (TR bAE RYHIMRAEE 50000600 1500 0 800 €00 50000

1, L AT FAF—200m] & LIHA0 EXYAG L—FBE & H# LT b5 Belay time {use)
SEEIEIAER ST 7 TR L AR E LA (150 psec) o N2 FHTA LTI EDEHIRS
LTI 50000 psec ICBHE L 744 & 1l LT b\ MRS Rtk
LRTWAZ Emb, FREHIC L RRIIA LI THS.
AHESERITH720, GEIROTAIFR—NREOKRTEZEHEED AT
KX VBB L. & 312 EhZh@ErYAG 0%, (WHoYAG 0%, ()RR
$T ErYAG % 200 psec &I - A% IR LB TH 5. ErYAG ORT
YW RFT - 1 BE, TASFREL D HHFSEERICEH LT 54,
Ho'YAG % %647 & ¥ 735 2 i3 By A & 72 GIHIF OMEHIASBIRI S e, %647 L
= Ho'YAG I & D kS & &4+ 5 A BRI S W R, KIZHT 5
ErYAG OWRILEMET L, BERS S Lo b TRV EE X bS.
—7% T Ho'YAG i2#f L, Er'YAG % [RIFf % 721X 100 psec FREBEE L B A1
RN S AT, it ErYAG RS TR L EEROH]

FAC LD, BIE LT HoYAG DT XV ¥ —ORERBE LD L E2 b5, B 3 VY TAREOYHIORT @Er,
(b)Ho, (c)Ho+Er(200 usec ¥2%E)

2008/9/16 ~ 19 JIlifH 280 Copyright © 2008 IEICE
(GBI CE2)
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Fabrication of Hollow optical fiber with an inorganic inner coating layer for CO, laser light delivery
OBFRe, BRI, BER A REEL A, AIHHT ® (SRR TES TSR, 8B K% PRUbkE)
Katsumasa Iwai, Mitsunobu Miyagi, Yi-Wei Shi*, Xiao-Song Zhu*, Yuji Matsuura®
(Sendai National College of Technology, *Fudan University, ®Tohoku University)

1. @RLdic . . i

FHABRIC L DBRYIEDO R Z WS 2 720, BEREOA— 7 L—TiC ] mmé
WMEID77A - PLETHD, ThE CICERER IM)EMNET D Z L THRA
IR EnYAG L—H— (K 2.94 yum)A 27 7 A 3 DOREIZRS) LT, K
HETI, BRARETIEARRBEINA TS CO, b—— (B 10.6 um)f M
WIENER IMAR)FZET 7 4 ROREEIT, EOEEFERODICA— I L
=7 AT HMARRIZONTERS.
2. CO, L—¥— REEEMAERRPLE T 7 1 S ORYE

vrEY s (S0 KAWL T 5ol 2 iR LA R e o L " L
W, RPET 7 A3 (RE 1 mm, &S 10 em)ic, FEHOEE 1.6 cm/min TREMEE T 0 20 0 00
W, ERFARTERLBEIT o/, W | ICEBERORE T 5 B OB Concentration (Wt%)
JEaRY.CO, L —HF —HOBEIIEIL 1.59 um Th Y, B 68wi%E AV 5 L K 1 MR OREIC T D BT
ZENGHN, EERMIROBIURKLY 3 D720, BE 65wi%%k HVZIRE 123 pm
BEDOEBEMANERTEY 7 4 A BMERRTH - 2.
3. COp L—HF—RmkME L A b 7 L— T IARER

WELT 7 A 504 — b7 V=T WARREIT 12, 4 — b7 LT ORHEHE,
BRI 135°C, WA 3min, BHES 026 MPa & Vo, F— b7 L—T D%
A 7 MABIZRT D CO, L—HF = (/37 —100 mW, SEREH) D IRFHE 4 [ 2
WRT. 4 BEITRPZET 7 A /3OS L7243, TEHER (RE 1.23 pm)A S
ET 7 AL, 6 ELIEL TS SORIEREEETETH Y, TOBMAENRER S
4. E&®

WE 1 mm, & 10 cm O CO, L — 4 — EBIGIEA RG22 7 7 1 S ORELTT
W, A= k7 L—TTARBRET o7, A M7 LT R 6EIRE 1T>THCO, v Number of cycles of autoclave sterilization
— KA ERRIERTEDTET 7 SORFCHEI L. M2 A-—b7L—F0EE IMAg 77
BELM 1) B, A, B, K, R, B 28 [ L — ¥ — R HTRIE R, 16-31pV17 (2008). A /30D CO, b - HAmEFE

Y

2

°

1

Thickness (pm)

Transmittance (%)

-220-
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Fabrication of Ultra-thin Silver Hollow Fiber for infrared transmission

B LT RE BET OB BN Em ORGT B ERM R #ES
Katsumasa Iwai ~ Shizuka Itagaki Miho Ando Mitsunobu Miyagi  Yi-Wei Shi ~ Yuji Matsuura

UAEE TERSHEMER Yo IINEA T F A=V a VT A AKRERE TERTEREEMER
Sendai National College of Tech. Sony Chemical & Information Device Corporati Miyagi National College of Tech.

“EAKRE HHRE¥ETER SHALKRE  KERTEHER
School of Information Science and Eng., Fudan Univ.  Graduate School of Eng., Tohoku Univ.
Sili Cross Section

1. [FLCHIC

ERMRE SRS OIS IV B EEBIERICRIME%
BOFZET 7 A "B EAT D70, WE 100 pm OEME
TET 7 A NOBYEEIToTERY . AHFRTR, FET
7 A ADIEABEZ KT 5720, L0 #R2NE 75 pm ©
BHERTZET 7 4 " ORIEEZRL T2, - .

Plating Reducing > Vacuum

2. BE &R Solution Solution

B 112, REEFUEZ VAR 75 um BHIERRTZE 7 7
A RORYEERZ R, 77 A SORERH & RS
FROFRAMET L, HVRBESRBE SIS, T2 T, 4
FAF¥ETY (NETS pm, 4150 pm, R X 50 cm)%
300 ARRAY FAZBYEL, WiEMEAE<THIL
T, HEOMMERST, FHEIZ, AR 320 pm B2 M1 BMERFZET 7 A SRR
7 A NOBERHEHHS, 10mUmin BEZ BELT5,

REAZANT, v FAVORICH T 2 HEORE %
fTotz. HREER 218, #7RAF¥E 7Y % 300 KK
Ry FVE 4 RWFIERT S Z L2k Y, 11.5 mUmin
DOfBEEER LIz, KoT 4 RKWFIEHE L2/ FAvER
WTESRUEE1T 5, MERGIX, ATLEE L LT SnCl,
TR RV, SREIEIRE 16°C, SBIRURR 3 5, %k
& GREA 3 AWM. =4 /= 1 HFEFEDETV. Z0H%,
EREF L2585 60°COMIMERE 30 5T 72,

3IZAER 75 pm BAIERRFZET 7 A8 (& 30 em, 5 N )
A)DAR-EHRDHEEBFE R 22 bV (FWHMI0.6 ° © 1 2 3 4 5
HYRAE—ATRIR)ERT, 774 /0K HEMITE Time (min)
LOXRHDTLBNND, T, SV FATFEROB, ©2 HFAF%ETYNETS um, £ 50
WMEAR A S ENRETHY, WROFNS EHET 74 m) DY KABITHT BREADOT R
NTRB->TLES LD EBbRS, B 1 um (2B
T, "BERKLT 7 A/5E, 59dB THY, FOEMT 15 T

RERNR 75 um BHREMPET 7 A NOBUES R L B

bhs,
75 um¢ X 30 cm

-
o

T T T

300 Tubes X 4

a
o

o

300 Tubes X 2

300 Tubes x 1

Quantity of Flow (ml/min)

o

-
o

3. FeEH

N 75 um BHBRBHZE T 7 A "ORUEERLT-, T
AF¥ETY 1200 AESV RALL, BERGEITD Z
LT, BEREALBHERRFLET 7 A 3ES 30 cm)ORHE
W Lz,

Attenuation (dB)
o
T

1

%.5 1 15

BHEI Wavelength (um)

1) #¥}#, E®, E®m. A, BE. BFY K, C3-32 3 BRMIRETET 7 4 AOTESERAOREEE
(2007). 2~ M VEWHMI0.6 D H 7 A ' — A THIE)

2009/3/17 ~ 20 LT 490 Copyright © 2009 IEICE
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2D09

W 50 um FRIMBERRFZET 7 1 S ORHE
RIS BT, FEF EAERT, A WA, B OGET T, B =TT

MEEE THRHEFMFR, "HILTHEXE,

1. ILdiC

ERREFIEMEOBREIERIC, FET 7430
BAXKY ., NE 100 pm LA F OBHERPLE T 7
ASDREERITHoTE I 12, AFETIX, L
WER ISR A1T O 12ols, & 0 RPN 50 um
P77 A ROBEELRHT-,

2. SRAPLET 7 A NOBE L FHE

14, SREERS & BV V- 50 um RTIZE T 7
ANORERBEZTRT, 77 A /SHNEIHIV & GREE
RISEROTERIMET L. HVRIESRIES W5,
EIT, AFAXYETYFa—7 (R 50 um,
A% 150 pm, & & 50 cm)% 300 AH 2t 3 Fv
EFRUYEL ., Wiz K& < $ 52 LT, HROHM
BRI,

B2, HTRAF¥ET Y Fa—T70RKCT
LEBAROFREE TS, HTAFYET YV Fa—T
% 300 AF At/ v KV 1 AT, fiifit 0.5 ml/min
Thole, XUV ARHATAXFYET Y Fa—
THE 4800 A) & W IR T H & T, ik 8.6
mlmin & §i % KIEIZHEMNT 5 Z LR TE,

SRS ORTLERIK & LT SnCLFKEZ AV, B
ERZICEY . Rk BrikEzBVET, I
—BTRA SEIERE /Y FACH L, NEICE
ERIET 5, SRIFORRIIERREICKEL, R
EREVEEES RET D720, BV 16C
&L, SREERUSRER 124y 30 7 & L. %k G&
AWM. =&/ — V1R EITV.E DK,
ERETL22H 6 60°COMBIRE 30 HMIT- 1=,

[ 8 12N 50 pm $RHFZET7 7 A /3 (B X 10 cm,
10 X)DOHE-ERADHEHEERE ALY b
(FWHM10.6 ° OH 72— ATHIR) ZRT, 7
TANDRKAEIZ, I EO62ERHD NN D,
hiE, AN FATEROBE, Sz iz 5 F 0 R
ThY . WROFTNSHENRT7 74 " TRIR->TLE
ollzlBbns, HE1 pmIiCBWT, &b
BER#27 7475, 125dB &72ol,

3 L

W& 50 pm R 27 7 4 NORUEE R Tz, SREE
RIS % V7= 50 pm $RAPZET 7 A S OBYEIL,
HIAFYET Y Fa—T%, AR RN LIS
BTH LT, AR LERERLL,

BEIHR
1) B, ER. B A, R, EFY K C332

(2007).

2) EH RIE, LiE. =R, B, Bl BTHER

BEFEREKRE, B-13-2(2009).

TERTERSEMEE, "THEAEKRY

lieois e

Cross Section
BN

A\

i 300 Glass Tubes
# (50 .mo x 50 cm)

9

Flow rate (ml/min)

1000 2000 3000 4000 4800
Number of quartz capillary

K2 HZ7AX¥E7V(ANES0 um, K50
cm)D /3 RV 5 KB A D i fic

25 T

Attenuation (dB)

0 .
0.5 1 1.5

Wavelength (um)
3 BPET 7 A N(RESOpm, B 10 cm)DF -

ERADBEBERARY FV(FWHMI0.6 DA
7 A E'— A THIR)
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2D05 ‘

FHEa—TF 4 o TEE AV Agl RESR 7 7 v K SUS BRIGT v 7 ORYE
B L, EA BZ, B ORETT, AL, KB RS, A =R
MBEER TEESSEPIER, "HiRLESSHMPER, “AMER "™HEXF

L BUHi M1 .

ERRBOBBARE L LT, WEABMEORN 1ER 3

L REST v 7R BTV BR, HERDK T

FMERNERPLE T 7 A SOWAMETIZ+ TR, ERE S g

ZIT, WMAMICENTR7 72 F SUS &L, X
I3 V{LR(AgDE 1 2 IER/IRL, 3 URER
ERBICRBTE 2MB R FMa—T 4« v /EEH
WERT v T OREEIT D,

2. FeHa—T 4 > 7ikERAVWE Agl BRkiE

7 7 v F SUSE(AN0.75 mm, 44 1.2 mm,
& 28 cm)id, WIIIC A A =H VAFEE L7-/E & 100
pm BEORRE L ZOMUTRT v L ADHE L 7
2TV, IVREDOBANCT 7 a~Fh i
v, BERQ0 kH2)BA L iR E 10 SRETV,
IURREARUE L, R1IC Agl lEDa—F 47
EBETRT, VIV IVRVTERANT, R7T7 0 F
ENICa vRIRETIL, Agl BEOMRE, I VH
BOPHEITH . 3 VHKIKE TS D E TORFMHIL
¥aBWTH2,

3. Agl W3R/ T v F SUS BHhIRT v 7 ORLE

MELT- Agl NEE8R7 5 » K SUS BRIRT v 7
DHERBEARI bLVERIEL, FHE—2700
Agl IEDHE %1T o7z, K 2123 U KK O FHIF
& Agl REDRIR % 7§, Er'YAG LV — R ® Agl
DORGEEE 0.22 pm 2R CRY, BOBEBRIE DR
ZAiE, WEE 05 %0 3 UREREAVT, FHE
[ 60 BTHDHZ LN o7z, REHEERS TS
L, BEEASHMYT 548, &< LBE S LREDORM
BORLRBEECHDZ LB yoT, Thiza vy
FROMEIHL 2D L L, BRENT Agl IRIC
LY RISHEIA bz L Bbhb,

WIZ CO2 U — Y WA Fodi 72 Agl BEE DIERL G
Hakosd, R3Ica—7 1 7UBEOERKL Agl
BEOBMEZTY, BL, IVRBEOREIL 1%%
ATz, CO2 L —¥HARE I HdE 72 IRE 0.88 pm %
AR TR, FEHEBER) 240 V0], 2—F 4 v /0B
BETRYETE D Z &My oTe,

4. FL®

FIa—TF 4 o TEEAVTAGI KRS 7 v F
SUS & 58T v 7 ORMEEAT o 1z, RO TR,
AIREI X T 5 Agl ORRBAREELBH LM LT,
BECHR
1) M. Alaluf et al., J. Appl. Phys. 72, 3878-3883 (1992).
2) J. A. Harrington et al., IEEE J. Quantum Electron. 5,

948-953 (1999).

3) Y. Matsuura et al., Appl. Opt. 35, 5395-5397 (1996).
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Film thickness (um)

0.6 T T T T T T
1%
04t ]
0.5%
02 £ 4
025 %

77 FSUSHE

{ \ BEIEH
A

K1 Agl 0 =—5 43 7

Time of coatir{g processing (sec)

0 IR L L L
30 60 90 120 150 180 210 240

B2 a—7 47 0BOFEHEERICHT D

~

]

@

£07
=
0.6 60 sec
0.5 ;
3 4 5

Agl BBE A (BAP D%IL 3 7 RIE)

l.2 T

1l 240 sec
2 1.0f ¢
0.9 ]

o

Number of coating processing

E3 a—F 4 7uBoRE Agl BRI

BL, FRBE 1%, B9 0 sec I3 FEHRFH
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B 7y RRAT VL AEERWE AgUAg FZET 7 A N DInEReE
Transmission Properties of Agl/Ag Hollow Optical Fibers Based on Silver-Cladding-Stainless Pipe

EoF e WA BZT OEm ORE™? Bl M7 AB RE® O/ OERM
Katsumasa Iwai Hiroyuki Takaku Mitsunobu Miyagi  Jun-ichi Ishiyama Akihito Hongo Yi-Wei Shi
TAERTERSEMEE TERTESSEMYE  CAYER  EEXF
Sendai National College of Tech. ~ Miyagi National College of Tech. ~ Hitachi Cable Ltd. ~ Fudan Univ.
2
1. LIz 10 '
EEDE, TRETKY v —BNEREEN T AT 74 E 10 Ag 3
ROBEREILET>TE R, FERROL—F T n—T7%, =2}
CO, L—PHROBTRNX—mEMICIT, Wk, B=H = o
EEET DL WO S O{LRADB Ve LGB glOE E
DRET 7 A BB TH D, é
ARX T, 875 v A7V LAEE AV T 7{LR £ 10! Agl/Ag ]
WEARASUADFET 7 £ ROV T3, <7
2 )
2. AgliAg hZ 7 7 4 1\ DEE 1% I 2
® 112, $R(Ag)HLET 7 A ~ONEEIZ, Agl B%E 1| BN Thickness of Agl Layer (um)

e L7cRED HE), £ — FOREHRKE, Agl OBZIx LR
Lz, 22T, BETS CO, L—FHOERIL 10.6 pm,
Agl DBHFTHIT 21, Ag OBRBHEIL 13.5-j753 L LT
W5, Agl DR #8408 NRT 5 2 L TERBKRHEY

7 A BB, Agl BOBGEBIE d 1 089 pm L3RD B
ns. —
B 210, CO, L—¥ kot LRGHIE D Agl /&% TERE L £
2T 7 4 % (2T 075 mm)lcH B HE, E— FORE =
RERARRRE LT, BRABRE—IBHY. g
DE—2 OfLEIT, NEFBEOBEIKET 50, # §
SNRE—7 LRBEEOREICLY ., N Agl OBEZH# g
BT BT, Z
3. AglREBYIS Y FATULABEDEEREY

A& 0.75 mm, £& 280 mm DRY T v KAT VL AE
RV, AgUAg RZET7 7 A NOMEERTT o7z, |7 T v K
BB ICFE SN TRY . 100 mBEOESRH D,
Agl @3 v#REE AV, BAREICE 9 REL TV S,

31z, 875y FAF U LRAEEA AglAg $Z
7 7 A NDERBRFEEEL T, ARRREY—7 B8N
TRY., |77 v FREI, B—72 Agl BEERTETH
HZEERLTWD, BEBEEIZEV 0.91pum & il L
YRR 0.71pm OEERKIT. ER 10.6pm 2B WT
1.1dB BE L ERRIT R oo, BREREWEHINKEL,
BERBMMT 22 enb, BEREL Y, OOWOBER
Y% LEREKRFET 7 A ABREELH,

4. FEH

BRI Fy AT VAERZRW Agl/Ag FZETZ 748
DOBRHBLVRUYEL 727 7 A NOEEFHEORIEZITo T2,
HR 10.6um T 1.1dB &, {E#RA2Z & MR L,
BEH
1) Y. Matsuura et al., Appl. Opt. 35, 5395-5397 (1996).

1 CO, V—¥HEFITBIT S Agl IEIZH T3
HE,, &— FOEEHK
AL, FZa7&0.75mm, Agl DJEFE 2.1

Wavelength (pum)

2 Agl J& % BB (d=0.89 pm)ic L7z & &
@ HE,; &— R OHKERFE
20 T T T T

Agl/Ag
0.71 pm 0.91 pm 1.1 pm

Attenuation (dB)
>

Ag

\
02 4 6 8 10 12
Wavelength (um)
|77y RRAT VL RAERRVE AglAg FZET 7
A 3R 075 mm, & & 280 mm) D KR A
BL, RPOER, AgBEE

2009/9/15 ~ 18 Hiri 290 Copyright © 2009 IEICE

GRIZH#BMOCE2)
156



164a I 006

CO, L —F—RimXHAEER T 0 —7

Small-diameter Metallic Probe for CO, Laser Light Transmission
BN, ORBMREES, WARZ A, B, Fildi—*, FERC
MUEHSHPEE,® AR, CHBKY)
, Jun-ichi lshiynma". Yi-Wei Shi¢

Katsumasa Iwai®, OAkihito Hongo®, Hiroyuki Takaku”, Mitsunobu Miyagi*

(*Sendai National College of Technology, "Hitachi Cable Ltd., “Fudan University)

1. Ui

BIRA L7 4K Y =— (COP) 3 VLM (Agl) 72 ¥FRABUKICIVTEHEBH
REWHERENEL-ERPET 7 4 A HAORNMK L BERETLEETE D,
A, CO, L—F—fmkM L L TAHE 0.375mm OMEL SR T o —F ZRIELE
DT, TORFHELEET S,
2. Agl RER7 T v FARESR 7 o—7 Dl

TIZRIEL Agl NER2 5 FXT 2 LR (AgV/Ag/SUS)
O F AT, AgUAg/SUS FiX, NI L/~ 7 » F R
FLAR (AgSUS) Y OMONBEREFEA I Y #ILL T Agl
AR LIZbOT, AE0375mm, A 0.6mm, EE 50mm THD, ;.

3. @BTo—TORFHE 1 H

B2ic, AgSUS &L, Zha M AglAgSUS BOMKERN 10t
HART, ST/ 0 AR RERADPABIILVERER T 0 —7

NNENEEEEN|

DOFBHHEZWEL, &S 18mm OFEIE Ag/SUS F L DAL LY

L]

Axfsk L L, axtiiksif L e 583, £ S0mm @ ’

AgUAg/SUS D F#342 & 18mm d Ag/SUS LV LIEMETHH Z L &
A, ARE—7OBR LY, Agl OB 068 m & RS
Nnd, CO,L—HF—HELy XTRELAK L L EOFEBRIT,
50mm D% X T AgVAg/SUS 7% 88%. Ag/SUS 7833% Th -7,

4 EL®

axR% (dB)

. \Agl/Agisus | .
IS T O o |

|~

FAKLERK TEETE D Agl/Ag/SUS IEOMERE S 0 —7

6
5

4

3 N
2

1

0

1

|
|

ZRIEL, WRAL—¥F—RBIIAV LR ER=— FLF o 152 3
TR OB RIEHMA T o —7 L LTHME Bbh s,

B% ik 1) A. Hongo et al., Chinese Opt. Lett., 5, $70-S72 (2007).
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111 i =

5 6 7 8 9 10 11 12
R (um)

4

02 Ag/SUS KX AglUAg/SUS D k¥ e Hit

FHERE 2R\ 72 COP NERBTZET 7 A R OEERHE

Transmission Properties of COP-Coated Various Metallic Hollow Fiber
OBIFRRA, AMRL P, WAWZ Y, EHHEAC, T~ FERC
(M TR TR W P, B SR, © R R % WP R, D ERE)
Katsumasa Iwai®, Akihito Hongo®, Hiroyuki Takaku®, Mitsunobu Miyagi™ €, Jun-ichi Ishiyama®, Yi-Wei Shi®

(*Sendai National College of Technology, ®Hitachi Cable Ltd., “Miyagi National College of Technolog

. 1XLHIC

HR{EgERIEHR O CO, L —F— (RIRHER 106 ymA 70 —7 L LT, 2RE%
BHE LI T 7 4 /503, BRMBIECRR TV ZEn6E2{AVvbh, 0
GEERAEOEMAAEN TS, AFRETIE, RBRDZET 7 A LOEHRKLLRD
BT, WEHEIE LTRIRA L7 1 R Y =— (COP)& MV, %Hi COP ¥k
BbZE7 7 A REREL DT, TOEEFHEICHOVTESS.
2. COPNEBBTZET 7 A SO KB L H5HE

112, &Hi COP WP ZE 7 7 1 <O kB RFHEL 7T, COP WY
7 v FAT L AE (COP/Ag/SUS), & A » ¥ AT v L A (COP/AWSUS), A7
LAY (COPSSUS), T LTHKF a— 7oL LEBRPET 7 41
(COP/Ag/SiO)? COP BY%iE, T E4 0.96 pm, 0.98 pm, 0.96 pm, 0.85 ym TH Y,
CO, b—H—HAr %2 U 7= MU A R L 72, B8 10.6 um (2351 T, COP/Ag/SUS
& COP/AWSUS i, COP/Ag/SiO, & RBREDI%k L o1z,
3. RBPET 7 A 2D CO, L—H — HArik et

KU, BRI PZET 7 4 730 CO, b —HF— KAkt 2 7. RS, CoP
ZIFAKT 50T, EXfkoBERLIBODTREVWEEDbRS. 72,
COP/Ag/SUS & COP/AWSUS D Hi%iilii% 0.2 dB T, COP/Ag/SiO, & R D {Hi %
% L7=. COP/AWSUS & COP/Ag/SUS DAY, £HFh 0.94mm L 0.75 mm
LRADI-0, RETHET S L COP/AYSUS DM EBEN L& Bbhb.
4. FL¥

BB LVCOP AN LI-RBPZET 7 A A OEEHKZ LB L1z,

EOFER, COPIZHETHRBITMAR HIEMKIZRD Z L AR L.
H% 0k 1) Y. W. Shi et al., Appl. Opt. , 37, 7758-7762 (1998).
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T T T

05 2 4 6 8 10 12
Wavelength (um)

AW COP NEERIRP2ET 7 A /30>
BB .
®1 FWEEPLET 7 (/30D CO, L—

W — ARk

Attenuation (dB)

1

Size (mm)

Material D oD

L Loss (dB)

SUS 94 12 285
AwSUS 94 12 285
AgSUS 75 1.2

A/SIO; 5 0.

.94
_COP/AwWSUS 094
“COP/Ag/SUS 0.75
COP/A/SiO, 0.75

0.9




