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In D-T burning reactors such as International Thermonuclear Experimental
Reactor (ITER), an internal access is inevitable for welding,cutting of cooling
pipes of in-vessel components, because of spatial constraint due to a narrow
port opening space.

An internal-access pipe welding cutting equipment is being developed in JAERI.
Internal access is to approach through inside a pipe to a welding./cutting
position, to use 10k¥ CO, laser beam, and to be applicable to both welding and
cutting with using a same processing head. A welding,cutting processing head
with 10kW COs laser beam has been fabricated and the basic feasibility has been
successfully demonstrated for studies of the internal-access pipe welding,”
cutting concept using 100—A stainless steel pipe with a thickness of 6.3mm.
In this study, the optimum focal point of laser beam, laser power and traveling
speed of the head have been investigated together with an adjusting mechanism
of a relative distance between the head and the pipe wall. In addition, the

radiation resistance of critical elements such as optical lens has been investigated,

Keywords . Fusion Experimental Reactor, Internal-access Pipe, Welding/cutting
Equipment, CQ; Laser, Lens Type Processing Head, Mirror Type Processing
Head '
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1. INTRODUCTION

The engineering design of the International Thermonuclear Experimental Reactor
(ITER)!1] are underway as joint effort of EC, Japan, USA, and RF. The development of the
remote maintenance technology is essential for ITER, because the reactor components are
activated by 14-MeV neutrons of D-T reaction. Particularly, the in-vessel components, such as
divertor plates, armor tiles of the first wall and blanket modules, are the most critical elements
in terms of maintenance of the reactor. AS the divertor is expected to require scheduled
maintenance typically once a year, reliable and quick maintenance operations are highly needed.
Figure 1 shows a scheme of the divertor maintenance proposed for ITER. After cutting the
cooling pipes, the divertor is removed through the horizontal port using an in-vessel
manipulator and transporter.

The cooling pipes are connected to the divertor plate through a narrow port space located
between TF coils, so that the external space of the pipes is not sufficient to allow an access of
an ordinary TIG welder or mechanical cutter. JAERI has started to develop a new maintenance
technology for the cooling pipe welding/cutting based on a CO2 laser beam. Features of this

system are as follows [2:3) :
(1) The cooling pipes are cut/welded from the inner surface from a view point of spatial

constraint for welding/cutting.
(2) Welding and cutting operations are carried out using a common head and the laser power
is adjustable to be optimized for both welding and cutfing.

In this paper, the following results are described.
1) The design concept of the internal-access pipe welding/cutting system.
2) The results of the feasibility tests using the two types of welding/cutling processing

heads.
3) The radiation resistance of critical elements such as optical lens under high gamma-ray

irradiation conditions.

2. DESIGN CONCEPT OF A PROCESSING HEAD

According to the conceptual design of divertor plate layout in the ITER, the laser beam is
required to run roughly 100m in order to reach to the welding/cutting position. Since the laser
is normally 'spreaded by 0.002 radian/m, several collimators composed of concave and convex
mirrors are installed so as to adjust the laser beam diameter constantly below 40mm along
100m length within the 100-A pipe.

In general, two types of optical focusing mechanism are applicable to the CO; laser

processing head. One is lens type head that allows the wide range of adjustable focal point but
— 1 —
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requires low power density operation. The other is parabolic mirror type head compatible with
high power density operation but fine adjustment of focal point is necessary. These processing
heads with rotating mechanism have been fabricated in order (o investigate their applicability to

the internal access pipe welding/cutting heads. The common parameters and configuration of

the welding/cutting heads are as follows:

(1)

(2)

3)

4)

A maximum laser power is about 10 kW and the beam diameter at the laser source is
specified to be 40 mm for cutting/welding the 100-A pipe.

A condensing lens and mirrors are cooled by water so as to decrease the optical
transmission loss.

Assist gases for welding and cutting are tentatively selected to be helium and oxygen
respectively, and they are blown against the inner wall of the pipe through a nozzle tip of
the head.

A dross cover made of aluminum fiber is attached to the external surface of the pipe at the
cutting position in order to protect the beam penetration and to collect the dross.

The schematic of internal access pipe welding/cutting head is shown in Fig.2.

3. LENS TYPE PROCESSING HEAD

3-1. Constitution of Lens Type Processing Head

Constitution of the lens type processing head is shown in Fig.3 and major features are

described below.

(1

@)

(3)

4)

(5)

(6)

(7)

The laser beam focal point can be widely adjusied by changing the relative distance
between the condensing lens and the bending mirror.

An assist gas region is confined between a lens and processing point, resulting in high
quality of welding and cutting.

The condensing lens is made of ZnSe with a diameter of $40mm. The focal point is

254mm.

The bending mirror is made of oxygen free copper with a diameter of ¢40mm and a
thickness of 10mm .

The cooling water for lens and mirror is connected in series so as to satisfy the compact
space requirement.

The clamp cylinder with pneumatic actuators is installed between the pipe and the guide
cylinder of the rotating head in order to fix them at the welding and cutting operations.
The guide roller is installed in the front end of the head for profiling of the inner wall of

the pipe to be cut and welded.
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3-2. Results of Laser Welding/Cuiting Test

Welding and cutting experiments have been conducted for the 100-A pipe. It is shown
that the rotating center of the head can be precisely adjusted to the center of pipe with an offset
of less than 1.5mm by using the clamping mechanism. In addition, the guide roller traces by
along the pipe inner wall, proving fine adjustment of the focal points at welding and cutting.

The welding and cutting of the 100-A pipe have been successfuily demonstrated and the
typical results are shown in Figs. 4 and 5. As for welding, the full penetration welding has
been made under an optimized condition listed in Table 1. The focal point was set at a
position of 3mm in depth from the inner surface of the pipe. In the cutting experiments, the
laser beam with a constant power of 3kW was sufficient for the 100-A pipe. The focal point
was set at the surface of the pipe. Further optimization including the possibility of full iaser

cutting should be investigated in order to obtain more smooth cutting surface.

Table 1 Obtained optimum conditions for welding,cutting
Operation Laser power Traveling Assist gas Focal point
Speed
Welding 5kwW 0.8 m/min Helium 3 mm
100 i/min
Cutting 3kW 1 m/min Oxygen 0 mm
100 1/min

4. MIRROR TYPE PROCESSING HEAD

4-1. Constitution of Mirror Type Processing Head
The mirror type processing head has a simple focusing mechanism without a condensing

lens and an advantage for use in a gamma-ray radiation environment because of the all elements

are made of metals. Figure 6 shows the mirror type processing head developed for this
feasibility study. Major features are listed as follows:

(1) The parabolic mirror with 51.5mm of focal point is made of oxygen free copper.

(2) The front end of the head with water jacket is worked to cool the mirror for efficient
optical transmission.

(3) The adjustable support with an air actuator is installed between the pipe wall and the
guide cylinder wall so as to be adjustable the center of rotating head with an accuracy of
less than 0.1mm.

(4) The guide roller on the front end of the head assists the rotation of the mirror with an
accuracy of less than 0.5mm along the inner wall of the pipe. The guide roller with

ig_
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spring mechanism provides a maximum stroke of 3mm and contact pressure ranging

from 1.8 to 3.6kg.

4-2. Performance Tests on Adjustable Support and Guide Roller

Preliminary experiments have been conducted to investigate an adjusting mechanism
composed of adjustable support and guide roller. In this experiment, the displacement between
the nozzle tip of the processing head and the inner surface of the pipe were measured by the
conditions on and off of the adjusting mechanism.

It is shown that the adjusting mechanism provides precise centering and the measured
displacement is within 0.25mm as shown by the solid line of Fig. 7. On the other hand, the
maximum displacement without the adjusting mechanism is approximately 0.7mm. As a result,
the capability of adjusting mechanism composed of guide roller and adjustable support has been
successfully demonstrated and the accuracy in centering the rotating head is around +0.13mm.

4-3. Results of Laser Welding/Cutting Tes!

Welding and cutting experiments have been conducted for the 100-A pipe by using the
mirror type processing head with the adjusting mechanism described above. Typical results
obtained for welding and cutting are shown in Figs. 8 and 9 respectively and the
corresponding conditions are listed in Table 2. In this experiment, the parabolic mirror was
cleaned every operation. However, optical reflection efficiency of the mirror after 40 times
operations is decreased down to 50% due to back sputtering from the welding/cutting surface.

Table 2 Obtained optimum cenditions for welding”cutting

Operation Laser power Traveling Assist gas Focal point
Speed
Welding 4.5 kW 0.8 m/min Helium 1.5 mm
75 l/min
Cutting 4 kW 1 m/min Oxygen 0.5 mm
50 /min

5. IRRADIATION TEST

5-1. Experimental Outline

It is necessary to investigate whether the laser processing is feasible in a gamma-ray
irradiation condition. The irradiation dose for the divertor maintenance of ITER is estimated to
be 1.0x107R/h. The laser source is placed outside an irradiation environment, because the

laser beam can be transmitted from a long distance by using collimator and Cu mirrors. The

— 4 —
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change of transmittance and absorptance of mirror and lens are experimentally studied under the
irradiation, and we have investigated whether the cutting and welding operations are available

in such condition.

5-2. Experimental Equipment
Figure 10 shows a set-up for gamma-ray irradiation tests. The COz laser source

consists of oscillator, power unit and cooling unit. The laser source is installed near the
entrance of the test room. The laser transmission system is composed of reflection mirror,

concave lens, collimator and condensing lens. The specifications are as follows:

Laser power c120W

Reflection mirror : 054mm diameter, OFC

Concave mirror : $54mm diameter, radius of curvature is Sm
Collimator . ZnSe, $1.0x0.120in.

Condensing lens : ZnSe, focal length is 5 inches

A semiconductor laser is attached at the end of oscillator to confirm the focus of the laser,
because the laser beam with wave length of 10.6\m is not visible. The beam splitter is
installed at about 800mm ahead of it, and laser is shared at a ratio of 9(reflection) to
1(penetration). The penetrated laser is used to monitor laser power, and the reflected laser is
used to measure transmittance and absorptance of ZnSe lens. The laser, which is reflected by
the beam splitter, is transmitted to near radiation source(Co-60) about 19m by using 8 Cu
mirrors and a Cu lens. In the end the laser passes through condensing lens(focal length is 5
inches) and is reached to the power meter.

The ZnSe lens, which was irradiated beforehand, is used in this experiment. The
specifications are 1.5 inches in diameter, 5 inches of focal length with and without an AR
coating. ThF4 of 1um thickness and ZnSe of 0.2um thickness were used for the AR coating.

The optical characteristics are shown in Table 3.

Table 3. Optical characteristics of lens

Coating | Gamma-ray Focal length | Transmittance { Absorptance | Reflectance
Ediation (R) | (in.) (%) _ (%) (%)
none 0 10 69.9 0.04 25.2
5.0x108 10 70.7 0.08 24.2
AR 0 10 99.7 0.14 0.2
5.0x108 10 99.2 0.17 0.3
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5-3. Results of Irradiation Test

Table 4 summarizes the result of transmittance. The transmittance of non-coated lens
was unchanged from 69% by gamma-ray irradiation. This result clearly shows that a bulk of
ZnSe material is not affected by gamma-ray irradiation. The result of the transmittance of the
AR coated lens is as following: before gamma-ray irradiation is 97%, during gamma-ray
irradiation is 98%, and after gamma-ray irradiation is 99%. We can conclude that the gamma-

ray irradiation has no affect on the transmittance of the AR coated lens.

Table 4 Test results of transmittance

Test piece Transmittance(%)

before irradiatig_:n during_ irradiation after irradigtion
AR coating(new) 99 - -
AR coating 97 98 99
2.9x10%R(irradiated)
No coating 69 69 69
2.9x109R(irradiated)

The absorptance of ZnSe lens is shown in Table 5. The absorptance of the non-coated
lens was 0.2% and the AR coated lens was 0.4%. We have seen no affect by gamma-ray

irradiation because of no change before and after the test.

Table 5 Test results of absorptance

Test piece Absorptance(%)
before irradiation during irradiation

AR coating(new) 0.3 -
AR coating 0.4 0.4
2.9x10%R(irradiated)
No coating 0.2 0.1
2.9x109R(irradiated)

Changes in laser power and absorptance of ZnSe lens could explained by the thermal

deformation of the lens, which was derived some movement of the focus. Suppose laser is

multi-mode, which has energy density of rectangle shape as shown in Fig,11.

The focal length Fy of mirror which is the efforts of thermal lens is expressed as

following equation;
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2k,
r
BpP LK

Fi =

here,

K = {(j—;) ] + (n—l)(1+v)a}t

An T . . .
( ) : inclined temperature of refractive index without strain
o=0

: refractive index (2.4)
: Poisson's ratio (0.3)

n
v
& : coefficient of linear expansion  (7.57x10-6 1/°C)
k& thermal conductivity (0.018 w/mm°C)
B :absorptance of lens (0.1~0.3 %)

Therefore, the composite focal fength F; is expressed by the following equation;

Fl .f1

F:
’ Fi+ f

f1 :focal length of lens without thermal deformation

The movement of the focus obtained by the above equations is shown in Fig.12. In the case
of 1kW power, even il the absorptance is increased, the focus hardly moves, because the
thermal deformation is almost negligible. However, in the case of 5kW power and 0.4%
absorptance, the movement becomes as much as 1.8mm. The cutting/welding capability are
reached the limitation generally. Therefore we obtained the conclusion that mirror type

processing head is better in more 10kW power laser system because of no movement of focus.

6. CONCLUSION

Two types of laser processing heads have been fabricated and newly developed internal
access pipe welding/cutting concept has been successfully demonstrated for the 100-A pipe. In
particular, the adjusting mechanism composed of a guide roller and a pneumatic support is
found to give precise centering performance within +0.13mm and stable rotation of the laser
processing heads are achieved. The guide roller provides accurate tracing of the inner wall of
the pipe for welding and cutting. In addition, the gamma-ray irradiation test was carried out.
In this test, the transmission test was carried out in gamma-ray irradiation field. We have
obtained that a condensing lens installed a processing head is not affected by gamma-ray

_,.,7'__
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2mk .2
BP.K

Fp =
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(ﬁ) : inclined temperature of refractive index without strain
=0
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Fi [

Fi =
Fi + f,

fi :focal length of lens without thermal deformation
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of 1kW power, even if the absorptance is increased, the focus hardly moves, because the
thermal deformation is almost negligible. However, in the case of SkW power and 0.4%
absorptance, the movement becomes as much as 1.8mm. The cutting/welding capability are
reached the limitation generally. Therefore we obtained the conclusion that mirror type

processing head is better in more 10kW power laser system because of no movement of focus.

6. CONCLUSION

Two types of laser processing heads have been fabricated and newly developed internal
access pipe welding/cutting concept has been successfully demonstrated for the 100-A pipe. In
particular, the adjusting mechanism composed of a guide roller and a pneumatic support is
found to give precise centering performance within +0.13mm and stable rotation of the laser
processing heads are achieved. The guide roller provides accurate tracing of the inner wall of
the pipe for welding and cutting. In addition, the gamma-ray irradiation test was carried out.
In this test, the transmission test was carried out in gamma-ray irradiation field. We have

obtained that a condensing lens installed a processing head is not affected by gamma-ray

i'r_



JAERI-Tech 84-033

irradiation. A mirror type processing head is shown to be better in higher power laser system

because of no movement of focus.
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Schematic of divertor maintenance in ITER
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{ager beam

Condensing lens Clamp cylinder

Bending mirror . Pipe

Fig. 3 lLens type processing head
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(a) A section of the welding part

(b) An internal bead

(c) An external bead

Test conditions
L aser power :5kW
Traveling speed : 800mm/min
Focal point : 3mm (from the internal surface into the
pipe thickness)
Assistgas  : Helium gas with the velocity of 100l/min.

Fig. 4 Laser welding result of lens type
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Test conditions
Laser power : 3kW
Traveling speed : 1000mm/min
Focal point  : Omm (from the internal surface info the
pipe thickness)
Assistgas  : Oxygen gas with the velocity of 100I/min.

Fig. 5 Laser cutting result of lens type
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Parabolic mirror

s

Pipe Air actuator

Fig. 6 Mirror type processing head
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(b) Laser welding appearance

Tes itions
Laser power : 4 5kw

Traveling speed : 800mm/min
Focal point : 1.5mm (from the internal surface into the

pipe thickness)
Assistgas  : Helium gas with the velocity of 75)/min.

Fig. 8 Laser welding result of mirror type
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(b) Laser cutting appearance

Test conditions
L aser power :4kW
Traveling speed : 1000mm/min
Focal point  : 0.5mm (from the internal surface into the
pipe thickness)
Assistgas  : Oxygen gas with the velogcity of 50I/min.

Fig. 9 Laser cutting result of mirror type
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Energy density

A

t
/ |
- r -
Condensing lens
r : diameter of beam (24.8mm)
PL : laser power (shaded portion) (1kW~20kW)
To : temperature (20°C)

Fig. 11 Energy density distribution of laser
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Fig. 12 The relation between absorptance and movement of focus
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