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The authors have developed a system to deliver water-penetrable intense laser pulses
of frequency-doubled Nd:YAG laser through optical fiber. The system is capable of im-
proving a residual stress on water-immersed metal material remotely, which is effective
to prevent the initiation of stress corrosion cracking (SCC) of reactor components. Ex-
perimental results showed that a compressive residual stress with enough amplitude
and depth was built in the surface layer of type 304 stainless steel (SUS304) by irra-
diating laser pulses through optical fiber with diameter of 1 mm. A prototype peening
head with miniaturized dimensions of 88 mm x 46 mm x 25 mm was assembled to con-
firm the accessibility to the heat affected zone (HAZ) along weld lines of a reactor core
shroud. The accessibility was significantly improved owing to the flexible optical fiber
and the miniaturized peening head. The fiber-delivered system opens up the possibility
of new applications of laser peening.

1. Introduction

Recent advances in high-power laser technology have yielded a multitude of new proc-
esses and applications in various industrial fields. Laser peening is a typical example
and blazed a trail in the field of preventive maintenance of operating nuclear facilities,
taking full advantage of inertia-less process over mechanical treatment. The laser
peening introduces a compressive residual stress in metal surface by irradiating intense
laser pulses in water [1]. We developed a remote processing system for the laser
peening and have applied it to reactor core shrouds of existing nuclear power plants to
reduce the susceptibility of stress corrosion cracking (SCC) [2],[3]. In the system de-
veloped, laser pulses travel about 40 m from laser oscillators to the reactor core shroud
through waterproof guide pipes with reflecting mirrors.
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As the next step to extend the applicability of the laser peening, we have developed a
new technology for delivering high-power laser pulses through flexible optical fiber. An
intense laser pulse easily causes damage on the coupling surface of the optical fiber,
and, if not, an incoming laser pulse tends to focus and leads fiber material to damage
due to the non-linear effect of refractive index. In order to mitigate these phenomena,
we introduced a beam homogenizer, which averaged the laser spatial profile and elimi-
nated possible hot spots on the fiber coupling surface. In this way, we attained the sta-
ble delivery of 20 MW laser pulses through a single optical fiber and demonstrated the
feasibility of the laser peening with fiber-delivery [4],[5].

A miniature peening head was designed and fabricated, based on the requirements for
accessing weld lines on a reactor core shroud and a support leg. The resulting dimen-
sions are 88 mm x 46 mm x 25 mm and the weight is about 200 g. The head is
equipped with an automated focusing function, which compensates the small focusing
margin of fiber optics and adjusts the focal position on the surface of various objects
with enough accuracy and response.

In this paper, we summarize the development of the fiber-delivered laser peening sys-
tem as a practical tool for the preventive maintenance of reactor components against
SCC. In section 2, we will describe the fundamental process and advantages of the
laser peening. Optics for the fiber-delivery of high power laser pulses is presented in
section 3, followed by the laser peening experiments in section 4. The miniature
peening head and the principle of focusing are outlined in section 5.

2. Fundamental process and experiences of laser peening

2.1 Fundamental process

The process involved in the laser peening is considered to be as follows [6]-[9]. When
a nanoseconds-order laser pulse focuses on a water-immersed metal material, the sur-
face absorbs the laser energy and evaporates instantaneously through the ablative in-
teraction. The evaporating metal material is confined in a narrow space since the iner-
tia of the surrounding water restricts the rapid expansion of the metal vapor. The re-
sulting high-density metal vapor is immediately ionized by inverse-bremsstrahlung to
form plasma. Subsequent laser energy absorption in the plasma generates a heat-
sustained shock wave, which impinges on the surface of the metal material with an in-
tensity of several GPa, far exceeding the yield strength of the metal. The shock wave
propagates into metal interior and loses the energy as it propagates to create a perma-
nent strain. After the propagation of the shock wave, the permanent strain remains and
the surrounding metal material constrains the laser-irradiated region as a reaction to
elastic strain, and thus forms a compressive stress on the metal surface. Figure 1 il-
lustrates the fundamental process of the laser peening.
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Figure 1 Fundamental process of laser peening

2.2 Conventional laser shock processing

Since early 1970's, many studies on a process similar to the laser peening have been
carried out for hardening the surface of metal materials. The process is called "laser
shock processing" or "laser shock hardening," and utilizes a Nd:glass laser with near-
infrared wavelength (A. = 1.06|am) and a protective layer on the material surface [10],[11].
The protective layer enhances the absorption of laser energy and prevents the surface
from melting or being damaged. The layer is usually formed from black paint prior to
laser irradiation and the remaining paint is removed after the treatment. This process
has some advantages over conventional surface treatments such as shot peening, for
example the deeper stress-improved depth. However, it was rather unattractive for in-
dustry because of the low cost-effectiveness of the laser system and the bothersome
work to form the protective layer.

2.3 Laser peening; a new process without protective layer

In 1994, we have invented a practical process named "laser peening" without any pro-
tective layers [1]. The objective of the invention is to apply the process to the mainte-
nance of water-immersed large components. Since the laser pulses must be irradiated
through water, the process employs a frequency-doubled Nd:YAG laser with a water-
penetrable wavelength (A, = 532 nm) instead of a near-infrared Nd:glass laser whose en-
ergy is easily absorbed in water. To reduce initial investment, a commercially available
Nd:YAG laser was used, which necessarily decreased the laser pulse energy less than
several hundred milli-Joules from several tens of Joules in the conventional process.
Through trial and error, we confirmed that the residual surface stress of type 304 stain-
less steel (SUS304) could become compressive by increasing the number density (cov-
erage) of irradiating laser pulses. This constitutes a major breakthrough in underwater
maintenance technology since the process does not require the preparation of the pro-
tective layer and the target component is directly processed by laser irradiation without
drainage work of surrounding water.

The features and advantages of the laser peening over the conventional laser shock
processing or hardening are summarized as follows:

(1) It irradiates laser pulses directly to the surface to be treated,
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(2) requires neither surface preparations nor protective layers,
(3) can be freely used in water because it utilizes water-penetrable laser,
(4) opens up the possibility of fiber delivery since the pulse energy is low, and
(5) reduces the initial investment and maximizes the benefit by using commercially

available laser oscillators.

The laser peening system for BWR core shrouds is illustrated in Figure 2 [2], which de-
livers laser pulses with mirrors and pipes. The system is composed of twin laser units,
beam delivery optics with automated beam alignment/tracking functions, remote han-
dling equipment with a peening head, an on-line monitor, and a system control unit.
After the completion of functional tests and operator training, the system was applied to
the reactor core shroud of Japanese existing nuclear power plants since the spring of
1999 [2],[3].

Laser system

Guide pipe

Rotating cart

Jet pump

Peening head
Reactor pressure vessel
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Figure 2 Laser peening system with reflecting mirrors and waterproof guide pipes

3. Fiber-delivery of high-power laser pulses

Transmission experiments of high-power laser pulses through optical fiber were con-
ducted using a Q-switched frequency-doubled Nd:YAG laser. An optical fiber of all-
silica step-index multi mode type with a core diameter of 1.5 mm and a length of 5 m was
used in the initial experiment. After the adjustment of the laser pulse energy, the laser
beam passes through a homogenizer, a unique optics averaging the spatial distribution
of incident laser beam. The homogenizer consists of two crossed cylindrical lens ar-
rays, which forms square partial beams and superimposes them on a single square of
0.81 mm x 0.81 mm at the front surface of the optical fiber [5]. A peaky profile of the
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incident laser beam is averaged out to a flat profile at the fiber front surface, as shown in
Figure 3 [12].

Incident beam Averaged beam

Laser pulse

Homogenizer L— Fiber front surface

Figure 3 Homogenizer and effect on spatial beam profile

The transmitted pulse energy at the fiber exit reached 100 mJ when the incident pulse
energy was 125 mJ. This means the transmission efficiency of the tested optical fiber is
80 %, including surface reflections at the entrance and the exit of the optical fiber.
Damage of the optical fiber was not observed up to incident pulse energy of 138 mJ and
then consistently started with surface damage by the ablation of fiber material. The
incident pulse energy of 138mJ is equivalent to a fluence of 210kJ/m2 (21 J/cm2) or an
intensity of 42 TW/m2 (4.2 GW/cm2), taking into account the irradiated area at the fiber
front surface (0.81 mm x 0.81 mm) and the pulse duration of 5 ns.

As the homogenizer makes a square beam, a part of the fiber front surface remains un-
irradiated. The transmissible energy will be further increased, if the incident beam is
circular which could utilize the nearly whole surface of the fiber front. This can be ea-
sily attained by introducing a mask with a two-dimensional array of circular apertures at
the position of the homogenizer. Experiments with a circular beam on the fiber front
surface showed that the laser pulses with energy of 60 mJ or more could be transmitted
through a single optical fiber with a core diameter of 1.0 mm and a length of 50 m.

4. Laser peening experiment by fiber-delivery

Laser peening experiments were conducted for 20 % cold-worked type 304 stainless
steel (SUS304) to confirm the feasibility of the fiber-delivered system. The cold working
was made by cold rolling, which simulated the increase in material hardness due to the
irradiation by fast neutrons in a reactor core region of operating plants. Test samples
were prepared as 40 mm x 60 mm plates with a thickness of 10 mm, and ground to intro-
duce a tensile stress in the surface layer of about 0.2 mm thickness. A motor driven X-
Y stage scans the test sample in a water bucket, as shown in Figure 4. An area of 10
mm x 10 mm or larger was processed by consecutive laser pulses.
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Figure 4 Setup for laser peening experiment by fiber-delivery

X-ray diffraction with a beam diameter of 3 mm was used to measure the residual stress
in x- and y-direction at the center of the processed area where z-axis was defined as in-
depth direction. Surface layer of the test sample was removed by electrolytic polishing
to obtain the in-depth profile of the residual stress.

Figure 5 shows the typical in-depth profile of the residual stress resulting from the laser
peening with pulse energy of 100 mJ, spot diameter of 0.4 mm and pulse density of 135
pulses/mm2. The overall affected depth reaches nearly 1.0 mm. From the comparison
between the laser-peened and the unpeened material, it is evident that the laser peen-
ing remarkably improves the residual stress from tensile to compressive. The residual
stress was improved under the conditions covering the pulse energy of 60 to 100 mJ, the
spot diameter of 0.4 to 1.0 mm and the pulse density of 70 to 135 pulses/mm2.
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Figure 5 Residual stress improvement by fiber-delivered laser peening
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5. Development of Fiber-delivered laser peening system

The feasibility of the laser peening by fiber-delivery was demonstrated in the previous
section. The next challenge is to design and construct a prototype system realizing the
laser peening of reactor components instead of the system with mirrors and pipes in
Figure 2. Since miniature optics with a fiber-delivered system inevitably leads a short
work distance and a small margin of focusing, the distance between the focusing lens
and the target surface must be controlled with accuracy of sub-millimeter range even in
an operating nuclear power plant. In order to settle this issue, we have developed a
system, which automatically controls the focusing and stands under severe conditions
such as high radiation dose. A small-sized peening head with automated focusing
function was assembled to confirm the accessibility to more complicated targets in nar-
rower space, compared to the system with mirrors and pipes.

5.1 Principle of focus detection and control

The light emitted from an optical fiber is brought to an image plane and make an image
of the fiber exit by a converging lens, as shown in Figure 6 (left). If the position of the
image plane coincides with the target surface, the fiber exit and the target surface are
"conjugate." In this situation, all the rays, which are reflected on the target surface and
passing through the lens, go back to the fiber exit, according to the principle of the re-
versibility of light rays. If the image plane deviates from the target surface, only a part
of the reflected rays returns to the fiber exit. The intensity of the reflected light illumi-
nating the fiber exit is thus described schematically in Figure 6 (right), as a function of
the target surface position. Consequently, we can get a best-focused image of the fiber
exit on the target surface, by adjusting the lens position so as to maximize the intensity
of the light returning from the target surface.

The size of the image, which is identical with the minimum spot size, is determined by
the lateral magnification of the inverted image; s'/s, and the lens formula; Ms + Ms'= Mf,
where s and s'are the object and the image distance, and f is the focal length.

Optical fiber

Laser
pulse

Position of
image plane

Target position

Figure 6 Principle of focus control with reflecting light
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5.2 Laser peening head with automated focusing function

The functional diagram of a fiber-delivered laser peening system is shown in Figure 7.
Laser pulses from the Nd:YAG laser are delivered to the target surface through the cou-
pling optics, the optical fiber and the peening head. Since the Nd:YAG laser is Q-
switched and operated in a low pulse repetition rate, namely 10 to 120pulses/s, con-
tinuous light from a He-Ne laser is superimposed on the same beam line of the Nd:YAG
laser and also delivered to the target surface. The returning light of the He-Ne laser is
detected continuously by a photo-detector and processed to generate a feedback signal
to the lens positioning motor.

Photo-detector
and controller

He-Ne laser
for focusing

Nd:YAG laser
for peening Kh

Shutter

Coupling optics
(homogenizer)

Peening head

Lens positioning motor

Optical fiber

Target surface

Figure 7 Functional diagram of fiber-delivered laser peening system

The prototype peening head with the automated focusing function is shown in Figure 8.
The size is 88 mm x 46 mm x 25 mm, and the weight is about 200 g. The diverging light
rays emitted from the exit surface of the optical fiber are converted to near-paraxial rays
by a lens and then reflected perpendicularly to a movable lens. An ultrasonic motor
drives the movable lens to the position making the image of the fiber exit just on the tar-
get surface by maximizing the returning light of the He-Ne laser. The head can be op-
erated with accuracy of 0.1 mm in the focal positioning and 0.1 s in the response time, as
a result of the experiments to confirm the focusing function.
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Figure 8 Prototype peening head with automated focusing function

6. Conclusions and future work

We have realized the stable delivery of nano-seconds laser pulses of a frequency-
doubled Nd:YAG laser through optical fiber. The transmissible energy was 60 mJ or
more for the optical fiber with a core diameter of 1.0 mm and a length of 50 m. In order
to avoid the damage of the front surface of the optical fiber, we introduced a beam ho-
mogenizer, which averaged the spatial distribution of laser power density and eliminated
possible hot spots at the fiber front surface.

The setup of the fiber delivery was applied to the laser peening of water-immersed test
samples prepared from 20 % cold-worked type 304 stainless steel (SUS304). The re-
sults showed that a compressive residual stress was built in the surface layer of the test
samples by irradiating laser pulses of 60 to 100mJ focused to 0.4 to 1.0 mm with pulse
density of 70 to 135 pulses/mm2.

A miniature peening head has been developed, which automatically controls the focus
position just on the target surface by adjusting the lens position so as to maximize the
intensity of the He-Ne laser light reflected by the target surface. This opens up the
possibility of the fiber-delivered laser peening, which would significantly improve the ac-
cessibility to complicated objects in narrow space and reduce the amount of the material.

We are now intensely developing a versatile system for repair and maintenance of re-
actor components in operating nuclear plants. To realize this system, we will integrate
other laser-based technologies into the fiber-delivered laser peening system, for exam-
ple, laser seal welding [13] and laser-ultrasonic inspection [14].
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