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1. Introduction 
High power lasers have possibilities of applications in the field of nuclear engineering, such 

as manufacturing, repairing and decommissioning of nuclear power plants. Formerly, the only 
kW class industrial laser is a carbon dioxide (CO2) laser. Recently, however, several new high 
power lasers other than CO2 laser have been developed and also new methods of laser material 
processing have been developed. In this paper, the major activities in IHI concerning high 
power lasers, which will be applied to nuclear engineering, are summarized. 

Carbon monoxide (CO) lasers in the kW level output category offer potential advantages 
over existing CO2 laser for industrial applications. The shorter wavelength produces smaller 
focal spot sizes, or longer working distances, and generally better absorption at metals, giving 
the opportunity to improve process such as laser cutting, welding, and surface treatment. 
We have been developing CO lasers aiming at practical industrial use. Details of the developed 
devices and experimental results for material processing will be presented in chapter 2. 

The major advantages of YAG laser over CO2 laser are a flexible fiber delivery, which 
offers the potential for simple integration into ordinary machine tools and robotics systems as 
well as the ability deliver laser power to remote locations, and a shorter wavelength (1.06^1 m), 
which is suitable for metal processing. However, power level of YAG lasers was much lower 
than that of CO2 lasers until the late 1980s. Recently a technological breakthrough was made 
and the power level of YAG lasers has exceeded 1 kW. We have developed a cw YAG laser of 
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3 kW output power with an optical fiber delivery and performed experiments of welding and 

surface treatment. The appearance of kW class YAG lasers may reform a market of laser 

material processing. The characteristics of the developed device and experimental results 

obtained will be presented in chapter 3. 

One of the new trends of material processing is an ablation processing using a high intensity 

pulse laser like an excimer laser. The ablation processing makes it possible to avoid damage of 

substrate and to minimize a heat affected zone. We have been investigating the ablation 

processing of composite materials and metals. Details of the experimental results will be 

presented in chapter 4. 

2. Discharge-excited CO laser 

We firstly adopted dc discharge as a excitation method and obtained an output power of 3.1 

kW at 17 % electrical conversion efficiency [1]. Experiments of material processing such as 

cutting [2] and hardening [3], which demonstrated the superior performance of CO laser, were 

also performed. However it was necessary for an efficient oscillation to cool down the laser 

gas to cryogenic temperature (<200K). 

Recently, the radio frequency (rf) excitation technique is widely used for high power gas 

lasers due to their advantage as higher efficiency, higher beam quality, longer life of electrodes 

and more suitable for pulse operation. So that, in order to improve the laser performance, we 

changed the excitation method from dc discharge to rf discharge [4] and realized a loom 

temperature operation of CO laser at kW power level [5]. This innovation surely accelerates 

practical use of CO laser. 

2-1 Laser system 

A schematic diagram of the laser system is shown in Figure 2.1 which has of transverse 

flow arrangement, with the direction of the gas flow, electric discharge, and laser beam laid 

perpendicular to each other. The circulated laser gas is a mixture without xenon addition, 

consists of helium, nitrogen, carbon monoxide and oxygen, which has been cooled through 

water and liquid nitrogen heat exchangers. The laser gas is excited by 13.56 MHz rf discharge 

with capacitive coupling. The discharge section is made of dielectric walls separated by a 40 

mm discharge gap. A stable resonator is equipped with a concave total reflector and a ZeSe 

output coupler with 5 % transmission. 

Cryogenic operation 

The performance of rf excited CO laser with cryogenic temperature is represented. Figure 

2.2 shows the dependence of the output power on the rf discharge input at various entrance 

gas temperatures. At 200K, a maximum output of 1320 W was obtained with a specific input 
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power density of 12.0 W/cm3> and a conversion efficiency of 28.1 %. The saturation of output 
power with increasing the rf discharge input is observed, which is due to rise of the gas 
temperature. Through these experiments at cryogenic temperature, it was found that the higher 
input power density and more stable and uniform excitation that are endurable with rf as 
compared with dc excitation should permit obtaining high output and conversion efficiency. 

Room temperature operation 
Cryogenic cooling, however, render the laser unit cumbersome, and also costly to operate, 

and this has proved to be an impediment against wide practical application of CO lasers. The 
development of rf excitation technique makes it possible to improve laser operation at close to 
room temperature. 

Figure 2.3 shows the dependence of output power on rf discharge input at various 
operating pressures, where the entrance gas temperature is 289 K. The output power was 
found to be optimized at 80 hPa. The saturation of laser output observed at lower gas pressure 
(67 hPa) is due to the increase of gas temperature. Conversely at higher gas pressure (106 hPa), 
discharge input exceeding 5 kW caused spreading of arc discharge, to disturb the maintenance 
of glow discharge, and this again limited the laser output. The laser output lowers linearly with 
the entrance gas temperature at a rate of 30 W/K in the range of 286 to 300 K for constant 5 
kW input power and 80 hPa gas pressure. At 286 K, a maximum laser output of 992 W was 
obtained, with a specific input of 16.8 W/cm ,̂ and an electric conversion efficiency of 15 %. 
This result means that the CO laser can equal to the CO2 laser in output and conversion 
efficiency without the need of cooling below room temperature. 

2-2 Applications of CO Laser 
Following experiments were carried out by using the transverse flow dc excited CO laser. 

Specifications of this laser is summarized in Table 2.1. 

Thick plate cutting 
The application of a high power CO laser has been examined with regard to its ability to 

cut thick plate such as mild steel and 304 stainless steel. 
Experiments were performed at a power level of 1.5 kW. A ZeSe focusing lens with a focal 

length of 254 mm was used. The definition of maximum cutting speed is determined as the 
speed, at which the laser beam was unable to completely penetrate and separated the 
workpiece. At these limiting speeds large amount of dross are seen to adhere to the side walls 
of the cut. Cutting quality was not considered in this experiment. Figure 2.4 gives the data for 
mild steel and 304 stainless steel with oxygen assist gas. 
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Aluminum alloy welding 

Considering processing by laser beam, aluminum alloys has met with problems related 

to their high surface reflectivity, high thermal conductivity. The interaction of laser radiation 

with plasma increases proportional to the square of the wavelength. From this relationship, it is 

clear that lasers with shorter wavelength can drastically reduced plasma shielding, to achieve 

deep penetration welding. 

Preliminary experiment was performed by 3 kW laser system. A ZnSe focusing lens with a 

focal length of 63.5 mm was used to obtain intensity range of up to 1.5 x 10^ W/cm^. As for 

workpieces a 5052 (Al-2.6 Mg-0.3 Fe-0.25 Cr) were used. 

Figure 2.5 shows the influences of penetration depth and cross section of penetration weld 

on laser power as constant welding speed of 1 m/min with Ar shield gas. The laser intensity 

exceeding 1.2 x 10^ W/cm^ (2.5 kW) extremely increase the penetration depth. Such a 

threshold intensity is required to create a keyhole which allows deep penetration of the laser 

beam. 

Hardening of carbon steel 

Laser treatment processing has been applied to laser transformation hardening for 

improved hardness, wear resistance, erosion and fatigue properties of carbon steels and cast 

irons. High power laser enable selected region of the surface of ferrous components to rapidly 

heated and cooled without the bulk of material being affected. 

The hardening experiments were carried out with a focal length of 300 mm integrating 

mirror. After irradiation the samples have been cut and investigated metallograhicary with 

respect of hardening depth and dimension of heat affected zone. 

Figure 2.6 shows comparison of hardening performance of mild steel between CO and 

CO2 laser, without any coating and shield gas. From this result, the behavior of the CO2 laser 

with 1 kW is more equivalent to a 500 W CO laser than a 1 kW CO laser. Moreover, it was 

much easier to achieve stable hardening condition using the CO laser than the CO2 laser. This 

experiment was performed as the joint research with Stuttgart University. 

3. Arc lamp pumped cw YAG laser 

Multi-kilowatt cw YAG laser systems have been based on the periodic stable resonator 

configuration which combines multiple rods within a laser oscillator. The design concept of our 

laser oscillator is to maximize the laser output power while keeping the beam quality necessary 

for coupling into the optical fiber. 
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3.1 Laser system 

In order to accomplish the above purpose, we minimized the distance between rods, which 

enables to realize the following advantages, 

•higher electrical to optical efficiency 

•compactness of laser oscillator 

•easy alignment of optical resonator axis 

Figure 3.1 shows a photograph of 3 kW YAG laser oscillator, which has 6 rods with 12 arc 

lamps. A controller and 6 power supplies are in a body with the laser oscillator. The total 

length of the laser oscillator is 2.0 m. 

3.2 Performance of 3 kW YAG laser 

The relationship between the laser output power and the electrical input power for cw arc 

lamp is represented in Figure 3.2. The maximum laser power obtained is 3.34 kW with the 

electrical efficiency of 3.56 %. This value of the maximum laser power is at the highest level in 

the world. 

Figure 3.3 shows the characteristics of fiber power delivery, where the fiber type is step 

index (SI), the numerical aperture is 0.20, the core diameter is 1.0 mm, and the cable length of 

10 m. The maximum delivered power is 3.07 kW with the transmission efficiency of 91.9 %, 

which is close to the theoretical value considering the reflection loss at the surfaces of fiber 

(93 %). 

3.3 Applications of YAG laser 

The most promising applications for high power cw YAG laser are welding and surface 

treatment such as cladding, hardening and remelting. 

Figure 3.4 shows examples of weld cross section on a thick plate, where the material is 

stainless steel, the averaged laser power at workpieces is 2.0 kW, and the welding speed is 1.0 

m/min. The left photograph is the case of cw oscillation mode. On the other hand, the right is 

the case of modulation (quasi-cw) mode, where the peak power is about twice of that of the 

averaged one, the duty cycle is 50 % and the modulation frequency is 50 Hz. The cross 

sections of penetration weld for both oscillation modes are much different - the cw mode 

produces a wide penetration weld and the quasi-cw mode produces a deep penetration weld. 

The characteristics of oscillation modes are chosen to fit application conditions. 

Figure 3.5 shows an example of cladding cross section, where the substrate material is 

carbon steel, the clad material is nickel, the laser power at workpieces is 2.0 kW, the 

oscillation mode is cw, and no special optical system like Kaleidoscope is used. It is possible to 

obtain a very wide, uniform coating of about 4 mm, which are useful for anti-erosion and anti-

corrosion, by one pass scan of the high power YAG laser beam. 
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4. Pulse Laser applications 

The cw lasers such as CO2, CO, and YAG laser are generally used in cutting, welding, 

and surface treatment. On the other- hand, the pulse lasers are mainly applied to micro 

processing, and surface treatment. Because they can control removal depth by selecting 

wavelength and number of pulses, in addition, minimize thermal transfer into material by 

choosing pulse duration. 

Excimer laser ablation of composite materials 

Excimer lasers can generate ultraviolet pulses having advantages especially in short pulse 

duration and high photon energy. The high photon energy results in direct breaking of chemical 

bonds of materials. Thus excimer lasers have potentiality as machining tools for materials 

particularly sensitive to heat, such as carbon fiber reinforced epoxy resin plastic (CFRP) [6]. 

Experiments were performed using an excimer laser at wavelength of 193, 248, and 308 

nm in energy fluence ranges up to 80 J/cm^. A spherical lens was used to focus the laser beam 

to an approximately 100 urn in square. 

Removal rates for CFRP at three wavelength as a function of energy fluence is plotted in 

Figure 4.1. At 308 nm, a maximum removal rate was obtained. The difference of removal rates 

at each wavelength may be due to the* different absorption rates and transparency at each one. 

SEM micrograph shows the cross section of workpiece irradiated at 308 nm and energy 

fluence of 60 J/cm^. These results clearly indicate that CFRP workpiece was removed by 

ablative photo decomposition without thermal damage. 

Excimer laser ablation of metals 

When laser beams in the ultraviolet region are irradiated onto metals, most of the laser 

energy is absorbed into the very thin surface layers, which are predominately removed by 

ablation process then thermal one. The material removal is obtained by vaporization or 

expulsion of molten metal for the ablation process. 

Preliminary experiments were carried out using KrF excimer laser (248 nm) in the pulse 

energy ranges up to 100 mJ. Workpieces (304 stainless steel) were placed on a computer 

controlled x-y table, and 70 mm focal length cylindrical lens was used to focus the laser beam 

to a 0.05 x 5 mm spot. 

A total of 15000 laser pulses was irradiated to an area of 20 mm x 5 mm. Figure 4.2 

shows removal amounts and SEM micrographs of irradiated surface as a function of laser 

fluence. Removal amounts linearly increased with the energy fluence. When the energy fluence 

is less than 5 J/cm^, melted surfaces were formed. On the other hand, exceeding 28 J/cm^, the 

surface were completely removed without thermal damage. 

- 681-

4. Pulse Laser applications 

The cw lasers such as C02， CO， and Y AG laser are generally used in cutting， welding， 

and surface treatment. On the other-hand， the pulse lasers are mainly applied to micro 

processing， and surface treatment. Because they can control removal depth by selecting 

wavelength and nurnber of pulses， in addition， minimize thermal transfer into material by 

choosing pulse duration. 

Excimer laser ablation of composite materials 

Excimer lasers can generate ultraviolet pulses having advantages especially in short pulse 

duration and high photon energy. The high photon energy results in direct breaking of chemical 

bonds of materials. Thus excimer lasers have potentiality as machining tools for materials 

particularly sensitive to heat， such as carbon fiber reinforced epoxy resin plastic (CFRP) [6]. 

Experiments were performed using an excimer laser at wavelength of 193， 248， and 308 

nm in energy fluence ranges up to 80 J/cm2. A sphericallens was used to focus the laser beam 

to an approximately 100μm tn square. 

Removal rates for CFRP at three wavelength as a function of energy fluence is plotted in 

Figure 4.1. At 308 nm， a maximum removal rate was obtained. The difference ofremoval rates 

at each wavelength may be due to the'different absorption rates and transparency at each one. 

SEM micrograph shows the cross section of workpiece irradiated at 308 nm and energy 

fluence of 60 J/cm2. These resuIts clearly indicate that CFRP workpiece was removed by 

ablative photo decornposition without thermal damage. 

Excimer laser ablation of metals 

When laser beams in the ultraviolet region are irradiated onto metals， most of the laser 

energy is absorbed into the very thin surface layers， which are predominately removed by 

ablation process then thermal one. The material removal is obtained by vaporization or 

expulsion of molten metal for the ablation process. 

Preliminary experiments were ca汀iedout using KrF excimer laser (248 nm) in the pulse 

energy ranges up to 100 mJ. Workpieces (304 stainless steel) were placed on a cornputer 

controlled x-y table， and 70 mm focallength cylindrical lens was used to focus the laser beam 

to a 0.05 x 5 mm spot. 

A total of 15000 laser pulses was irradiated to an area of 20 mm x 5 mm. Figure 4.2 

shows removal amounts and SEM micrographs of irradiated surface as a function of laser 

fluence. Removal amounts linearly increased with the energy fluence. When the energy fluence 

is less than 5 J/cm2， me1ted surfaces were formed. On the other hand， exceeding 28 J/cm2， the 

surface were completely removed without thermal damage. 

- 681-



References 
[l]H.Saito, H. Kanazawa, K. Watanabe, T. Taira S. Sato, and T. Fujioka, Rev. Sci. Instrum., 
58, 1417 (1987). 
[2] H. Kanazawa, N.Yamaguchi, Y. Hamano, M. Yuuki, Proceedings of the International 
Conference on Laser Advanced Materials Processing (LAMP), Nagaoka, Japan, 665 (1992). 
[3] T. RudlafF, F. Dausinger, R. Satani, H. Kanazawa and N. Yamaguchi, Laser Optoelektron. 

23,46(1991). 
[4] H. Kanazawa, M. Uehara, F. Matsuzaka, and K. Kasuya, Proc. SPIE 1850, 61 (1992). 
[5] M. Uehara, H Kanazawa, Extended Abrt-.accs (TVe 54th AiJtur.ui Me.etir.g, 1993); The 

Japan Society of Applied Physics, Sapporo, Japan, v07 (199^ ,^ *al ̂ tiesti) 
[6] M. Mori, Y. Kemmochi, S. Yamaguchi, and K. Sekine, Proceedings of Ihe OE/LASE' 94, 
Los Angeles, U.S.A. (1994),(to be published) 

- 682-

References 

[l]H.Saito， H. Kanazawa， K. Watanabe， T. Taira S. Sato， and T. Fujioka， Rcv. Sci. Instrum.， 

58，1417(1987). 

[2] H. Kan位 awa， N.Yamaguchi， Y. Hamano， M. Yuuki， Proceedings of the International 

Conference on Laser Advanced Materia1s Processing (LAMP)， Nagaoka， Japan， 665 (1992). 

[3] T. Rudlaff， F. Dausinger， R. Satani， H. Kanazawa and N_ Yamagud-j， Laser Optoelektron. 

23，46 (1991). 

[4] H. Kanazawa， M. Uehara， F. Matsuzaka， and K. Kasuya. Proc. SPrE HHO，引くW92).

[5] M. Uehara， H Kanazawa， Extended Ab~~川C i.S (れ‘e54i.h At.:tul".tn M保持11ig，19ヨ3);The 

Japan Society of App¥ied Physics， Sapporo， Japan， '707 (i 99りょ;，1Jal ~.nes~) 

[6] M. Mori， Y. Kemmochi， S. Yamaguchi， and K. Sekine， Proceedings of :he OE!LASE' 94， 

Los Angeles， U.S.A. (1994)，(to be pub1ished) 

- 682-



RF Generator 1400 

Llq. N2 Heat 
Exchanger 

Electrode 

Dielectric Plate ~ 1200 -
a> 

Discharge Region 5 1000f -

A Water Heat 
Exchanger 

:3 

O 

8 0 0 

600 

4 0 0 

2 0 0 

~i—'—i—>—r 
p = 67 hPa 

o—Tg=190K 
o — Tg=200K 
a — Tg=220K 
•A— Tg=240K 

0.0 1.0 ?.0 o.O 'r.O 5.0 fi.O 7.0 
RF discharge Input [kW] 

Fig. 2.1 Schematic diagram of rf-excited 
CO laser. 

, t 
H 700 

1 600 
o 
°- 500 
3 

B 400 
3 

° 300 

200 

100 

0 

-
. _ 

-

-

1 i 
ig= 

i i 

• i • i • i • i 

=289 K 
r— p = 67 hPa 
>— p = 80 hPa p 
)—p=106hPa r/I^ 

9 <X [-/i . 1 . 1 

' 1 ' 

_ 

//a
Kr _ 

D 
f^ 

-

-

-

-
1 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
RF Discharge Input [kW] 

Fig. 2.3 Dependence of output power "on 
rf discharge input at room 
temperature. 

Fig. 2.2 Dependeir-e of output power on 
rf discharge input at cryogenic 
temperature. 

Table 2.1 Specifications of 3 kW 
dc-excited CO laser. 

Output performance 
Output power 3.1 kW 
Efficiency 17 % 

Specifications 
Transverse flow dc-excitation 
Discharge volume 35W x 1250L x 40H 
Resonator Stable (Z.V-pass, multi-fold) 

Unstable (M=1.2-2.0) 
Cooling type Liquid nitrogen, Freon 

E 
1 
<D 
0) 
Q. 

CO 

2.0 

1.5 

B 1.0 

2 0.5 -

0.0 

- i • 1 ' 1 • 
Laser Power 1.5 kW. I =254 mm 
0 2 Assist Gas 

—c— Mild Steel 
—a— 304 Stainless Steel 

„ 3.0 
E 
E. 

2.5 

i i i i i i i i i i i i i i i—i—i . 
Welding Speed 1 m/min 
Ar Shield 

0 10 20 30 40 50 
Plate Thickness [mm] 

Fig. 2.4 Relationship between maximum 
cutting speed and plate 
thickness for CO laser. 

0.5 1.0 1.5 

Laser Intensity x 106 [W/cm2] 
Fig. 2.5 Relationship between penetration 

depth and laser intensity for 
CO laser. 

- 683— 

'::'.0 I~.O 5.0 n.O 7.0 
RF 'jischarge In;'Ui [k'N] 

ド
一
一
千
十

?O 1.0 

1400 

主1200
0 

き1000
a 
:J 
，~ 

O 

200 

O 
0.0 

800 

600 

400 

Fig. 2.2 Depen岳山eof outPUt power on 
rf discharge input at cryogenic 
temperarure. 

Fig. 2.1 Schematic diagram of rf-excited 
CO laser. 

Table 2.1 Speci五cationsof 3 kW 
dc-excIted CO laser. 

Tg=289 K 

ー唯一 p= 67 hpa 
-<>-p = 80 hpa 
--0-ー p= 106 hPa 

n

u

n

u

n

u

 

n

u

n

u

n

U

 

8

7

4

 

{
〉
〉
]
』

ω言
。
弘
吉
会
コ
O

600 

Output lJerformance 
Output power 3.1 kW 
Efficiency 17 % 

500 

300 

Specifications 
Transverse f10w dc-excitation 
Discharge volume 35W x 1250L x 40H 
Resonator Stable (Z，V-pass， multiイold)

Unstable (M=1.2-2.0) 
Cooling type Liquid nitrogen， Freon 

3.0 4.0 5.0 6.0 7.0 

RF Discharge Input [kW) 
2.0 1.0 

200 

o 
0.0 

100 

Fig. 2.3 Dependence of output power 'on 
rf discharge input at room 
ternperature. 

3.0 
Weldlng Speed 1πlImin 
Ar Shield 

2.5 

歯菌
2.0 

1.5 

1.0 

0.5 

{
E
E
}
z
-
a
u
o
c
o
z国
』
芯

C
由
止

2.0 

m
 

m
 

以内
4

--
W
 

L
U
R
 

E-w 'hs 

a

句

a

M
G
 

W
t
 

o
s
 

ロ・引.，S
 

AEA 

e-2

2

 

u
o
 ー→-MildSteel 
-0-304 Stainl自ssSleel 

1.0 

0.5 

1.5 

{SF』』
~E}
℃

ω
ω
a
ω
m
c一一】コ
0
・xm苫

2.0 0.5 1.0 1.5 

Laser Intensity x 106 [W/cm2] 

Fig. 2.5 Relationship between penetration 
depth and laser intensity for 
CO laser. 

0.0 
0.0 

- 683ー

50 10 20 30 
Plale Thickness [mm] 

Fig. 2.4 Relationship between maxirnum 
cutting speed and plate 
thickness for CO laser. 

40 
0.0 

0 



0.0 

T ' 1 ' 

70 degree incident angle 

—o—CO 500W 
—a—CO 1000W 
—*— CO2 1000W 

lUiiiypimi'iwtiwii'imwM 

0.0 1.0 2.0 3.0 
Speed [m/min] 

4.0 

Fig. 2.6 Dependence of hardening depth 
on speed compare between CO 
and CO2 laser. 

20 40 60 80 100 
LAMP POWER (kW) 

Fig. 3.2 Relationship between laser 
output power and lamp input 
power. 

S 
E 
m 

cw quasi-cw 
Fig. 3.4 Examples of weld cross section 

for YAG laser. 
Averaged laser power:2.0 kW 
Welding speed : 1.0 m/min 

EC 
III 

O 
a. 
\-

a. 

o 

Fig. 3.1 3 kW YAG laser. 

,4.0 

3.0 

2.0 h 

1.0 

0.0 

• 

-
. 

« 

-

• 

Fiber Diameter:1.0mm 
Fiber Length:10m 

• Power / . 

O Efficiency // 

'/ ° 
•y ° 

,• 

/ • 

•O-CP--. 
0 

1 

• 

-

_ 

-

• 

-100 

>• o z 
UJ 
o 
u. 
HI 

90 

80 

in 

t/5 
z 
< 
cc 

1.0 2.0 3.0 4.0 
INPUT POWER (kW) 

Fig. 3.3 Fiber delivery characteristics of 
3 kW YAG laser. 

4 mm 

-684-

1.0 

ε 
五 0.8
z 
a 
8 0.6 
ロ，
c 
c 
~ 0.4 
同

工

0.2 

0.0 
0.0 

70 degree incidenl angle 

ーかーCO 500W 
-0ーCO1000W 
一合一 C021000W

1.0 2.0 3.0 
Speed [川min}

Fig. 2.6 Dependence ofhardening depth 
on speed compare between CO 
and C021aser. 

円。

η

ζ

4

，

(
〉
〉
ぷ
)
匡
凶
〉
〉

o
a
z凶
ω《
J

4 

0' 
20 40 60 80 100 

LAMP POWER (kW) 

Fig. 3.2 Relationship between laser 
output power and lamp input 

T
I
l
l
1占

E
E
門

power. 

cw quasl-cw 
Fig.3.4 Examples ofweld cross section 

for Y AG laser. 
Averaged laser power:2.0 k羽F

Welding speed : 1.0 m/min 

4.0 

Fig. 3.1 3 kW Y AG laser. 

_4.0 
3: 
~ 

， 
ポ

〉
(J 
z 
w 
ι3 
u. 
u. 

100 Z 
O 
(f) 
(J) 

90 ~ 
(J) 
z 
《
江

80← 
4.。

Flber Diameter:l.0mm 

Fiber Lenglh: 10m a: 3.0 
w 
~ 
22.O 
Fー
コ
E 10 
コ。

u
y
 

F
L

・

町

聞
w
・問

。
H

ロ・

F
E.。

_...... ..-パ竺ー0・0%
， ， 

1.0 2.0 3.0 
INPUT POWER (kW) 

Fig. 3.3 Fiber delivery characteristics of 
3 kW Y AG laser. 

0.0 

4mm 

Fig. 3.5 Example of clad cross section 
for Y AG laser. 
Laser power:2.0 kW (cw) 
Cladding speed: 0.2 m/min 

-684ー



- i 1 , . r 
o ArF (193 nm) 
a KrF (248 nm) 
A XaCI (308 nm) 

en 
E. 

1.0 

= 0.8 
o 
E 
< 
75 0.6 -

100 

0.4 

0.2 

0.0 

KrF 15000 Pulses 

Energy Fluence [J/cm ] 

Fig. 4.1 Removal rate for CFRP as 
function of energy flvence. 

1 10 100 
Energy Fluence IJ/cm ] 

Fig. 4.2 Removal rate for 304 stainless 
steel as function of energy 
fluence. 

- 685 — 

sl 5.0 

王司『ユ 4.0 

.=. 

直ω 3.0 

1.0 

0.0 
o 

。ArF (193 nm) 
ロ KrF (248 nm) 
A XeCI (308 nml 

ー一一ー_0 -
4ー「一。「ーで一-~

20 40 60 ~ 80 100 
Energy Fluence [Jlcm勺

Fig. 4.1 Removal rate for CFRP as 
function ofenergy fh.ence. 

_ 1.0 
事 IKrF 15∞o Puls自S

』司

E〈E O O-B 

E08  

0.2 

0.0 

D‘-‘-・ァ、 5・‘ 1.
ド完さで勺..， !M!ケピ"・
1:11・・ .吋‘ -- -十E・25~V ~~ò~...i~õ&m 

~・いい・，.. ， 

25川日白1} 150i.w・H"入門 1・.-._------日，." E、・--・・-E、 圃.、--=-ーも・-
- ‘ !K・・
--竺ご ~・-・・.ム. .ー-
E~1Il!I吋.

10 100 

Energy Fluenceμ/cm
2J 

Fig.4.2 Removal rate for 304 stain1ess 
steel as function of energy 
fluence. 

- 685-


