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Removing radioactive contaminated metal materials is a vital task during the decommissioning of nu-
clear power plants to reduce the cost of the post-dismantling process. The laser decontamination
technique has been recognized as a key tool for a successful dismantling process as it enables a remote
operation in radioactive facilities. It also minimizes exposure of workers to hazardous materials and
reduces secondary waste, increasing the environmental friendless of the post-dismantling processing. In
this work, we present a thorough and efficient laser decontamination approach using a single-mode
continuous-wave (CW) laser. We subjected stainless steels to a surface-removal process that repeti-
tively exposes the laser to a confined region of ~75 um at a high scanning rate of 10 m/s. We evaluate the
decontamination performance by measuring the removal depth with a 3D scanning microscope and
further investigate optimal removal conditions given practical parameters such as the laser power and
scan properties. We successfully removed the metal surface to a depth of more than 40 pm with laser
power of 300 W and ten scans, showing the potential to achieve an extremely high DF more than 1000 by
simply increasing the number of scans and the laser power for the decontamination of primary circuits.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The laser decontamination technique has been recognized as a
very powerful tool with which to decontaminate radioactive
contaminated metal materials in dismantling of a nuclear power
plant. This method enables remote operation with automated
systems in radioactive facilities, resulting in minimal exposure of
workers to hazardous materials. Moreover, it offers reliable
decontamination performance of metals with minimal modifica-
tion of the surface properties while also reducing secondary waste
from the decontamination process, meaning that it is a cost-
effective and environmentally friendly post-dismantling process.

The primary circuits in nuclear power plants are contaminated
with radioactive isotopes (RIs) due to several mechanisms, such as
van der Waals's interaction and chemical trapping [1,2]. The ma-
terial of the primary circuit components is typically austenite
stainless steel [3]. Its surface is covered with an outer oxide layer
typically with a depth of ~10 um, and the base alloy contains several
types of compounds, such as Fe, Cr, and Ni at depth in a range of
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5—30 pm [4,5]. RI contaminants are mostly deposited inside the
oxide layer and can be removed with a soft decontamination
method, offering a decontamination factor (DF) of typically < 50 by
solely removing the oxide layer [4]. Here, the decontamination
factor is defined by Ref. [5]:

_ Contaminationlevelof substrate beforethedecontamination
" Contaminationlevelof substrateafterthedecontamination

Thus, the percentage of removed contamination can be
expressed by:

1

Contamination removed (%) = (1 ~“DF

) x 100

However, RI compounds can penetrate into a deeper layer
beyond the oxide layer due to stress corrosion cracking [3]. Thus,
for thorough decontamination, which typically requires a DF
exceeding 50, the metal base substrate should be removed to a
depth of more than 40 um after the removal of the oxide layer [4].

This task has been tackled by several laser decontamination
techniques [6—15]. Industrial applications of laser techniques, such
as laser cleaning and laser marking, require relatively a low power
density level (typically < kW/cm?), whereas nuclear applications
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including laser decontamination and laser decommissioning tech-
niques require an extremely high power density level, with a range
of tens of kW/cm? to the MW/cm? scale. This emphasizes the ne-
cessity of the proper selection of a reliable high-power fiber laser
and its delicate operation for successful laser decontamination of
metals. A high-power multi-mode and diode lasers have gained
significant attentions for the laser decontamination of metals due
to its stable reliability and cost-effectiveness. In particular, Mine-
hara and Tamura demonstrated the feasibility of laser decontami-
nation for removing Rl-contaminated materials using a single-
mode continuous wave (CW) laser, as it provides a good beam
quality and a tiny focal spot size, permitting the thorough and
efficient decontamination of metals via a cost-effective method
[11,12]. They performed laser decontamination of heavily RI-
contaminated stainless-steel samples in the primary cooling loop
of a nuclear power reactor, obtaining the DF of 3300 in average and
a few below the detection limit [12]. Nonetheless, the effects of
various experimental conditions on the surface-removal perfor-
mance outcomes for single-mode CW laser-based decontamination
have not yet been thoroughly reported.

In this work, we not only perform the surface removal of
stainless steels using a single-mode CW laser but also investigate
the optimal removal conditions given certain practical parame-
ters, in this case the laser power, scanning speed, scan step size,
and number of scans. Specifically, we present the feasibility of
decontaminating stainless steels by exposing confined areas of
these materials to very high power levels over short periods of
time. In other words, by scanning with the single-mode CW laser
using a very small focal spot size of ~75 um rapidly and repeat-
edly, we minimize the intrinsic melting issue that may occur
during the decontamination process. In addition, we evaluate the
decontamination performance by measuring the removal depth
via three-dimensional (3D) scanning microscope and further
investigate the effects of the scanning properties on the removal
depth.

2. Methods

Fig.1(a) shows a schematic of the laser decontamination system,
which consists of a 1080-nm fiber laser (RFL-C1000, Raycus), a pair
of galvanometer scanning mirrors (S9210, Sunny Technology), and
a f-theta lens. The fiber laser is a 1-kW single-mode CW laser with a
core size of 25 um and beam quality of 1.3, which enables us to
focus light within a very small focal spot area. Although the laser
can generate output power up to 1000 W, the laser power was
limited to approximately 300 W to avoid damage to the scanning
mirrors. The laser output beam was collimated by a collimator
(f = 50 mm), guided by the two galvanometer scanning mirrors,
and focused by the f-theta lens (f = 160 mm) onto the sample with a
focal spot size of ~75 um and average power density of ~3.4 MW/
cm?. We used compressed air as the assist gas to blow out the dust
as shown in Fig. 1(a). The extraction and filtration (E&F) system was
installed near the sample to collect any debris generated during the
laser decontamination process, as shown in Fig. 1(b).

We prepared a stainless-steel sample of SUS304, which is a
common material used in the primary circuits of nuclear power
plants [3], to demonstrate the laser decontamination system. The
sample size is 120 mm x 75 mm x 100 mm.

We adjusted the scan pattern using a customized CS-mark
software (CS-mark, Sunny Technology) and scanned the laser in a
rectangular zigzag pattern, as shown in Fig. 1(c). Fig. 2(a) and (b)
show photos taken during the laser decontamination process using
an actual sample and a sample treated by laser decontamination as
described here, respectively.
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3. Results
3.1. Influence of the scan properties on the removal surface

Certain scan properties, such as the scan step size and scan
speed, are key considerations when decontaminating metals, as
they influence the surface texture of the laser decontamination
substrate [8]. It is well known that exposure durations of more than
several milliseconds can damage the surface due to the melting of
the metal [15—17]. This leads to the penetration of RI contaminants
deep inside the metal bulk by shallow fusion or oxidation [18]. Also,
a sparse spacing between consecutive scanning events may cause
an inefficient exposure over the decontaminating area [6]. Thus, it
is critical to determine the optimal scanning conditions for suc-
cessful laser decontamination. Accordingly, we initially tested the
influence of the scan step size on the removal surface at a fixed laser
power of 301 W and scan speed of 10 m/s. The number of scans was
set to ten for this experiment.

Fig. 3 shows photos of four treated samples with different scan
step size values (from 1.15 mm to 11.5 um). We observed irregular
patterns along the scanning path in most cases (Fig. 3(a—c))
whereas we observed a quite uniform surface morphology over the
entire decontaminating area when the step size was 11.5 um
(Fig. 3(d)). Notably, the 57.5-um step size case (Fig. 3(c)) failed to
decontaminate the sample efficiently along the scanning path,
despite the fact that its scan step size corresponds to the measured
focal spot size (75 um). The observed irregular patterns provide a
clue by which to trace the exposure morphology during the scan,
indicating that the scan step size should be small enough relative to
the focal spot size to obtain an even surface morphology. Thus, we
used a scan step size of 11.5 um in the subsequent experiments.

Next, in order to ascertain the optimal exposure conditions of
the CW laser onto the metal surface, we tested the influence of the
scan speed, which is one of the key parameters when determining
the total delivered energy per unit surface area and subsequently
the decontamination performance [6], on the removal depth at a
fixed scan step size of 11.5 um and fixed laser power of 301 W. The
number of scans was set to two to minimize the accumulated laser
fluence and for a clear observation of the surface morphology. Fig. 4
shows photos of five treated samples at different scan speeds (from
15 m/s to 1 m/s). The surface starts to show an uneven texture at a
scan speed of 5 m/s, as shown in Fig. 4(c—e), and clearly shows non-
uniformly aggregated areas at a scan speed of 1 m/s. These aggre-
gated textures may cause RI compounds to accumulate in the inner
layers and lower the DI. Thus, the scan speed must be fast enough to
minimize damage to the surface of the metals, especially when
using a CW laser. Here, we selected a scan speed of 10 m/s in the
subsequent experiments.

3.2. Influence of the number of scans on the removal depth

Using the scan conditions selected above, we investigated the
influence of the number of scans on the removal depth with a fixed
laser power of 300 W and fixed scan speed of 10 m/s. The number of
scans was varied from 3 to 20, as shown in Fig. 5(a). We measured
the removal depth after laser decontamination using a laser scan-
ning microscope (VHX5000, Keyence), which provides the height
profile and surface morphology of the treated sample after un-
dergoing laser decontamination [8]. In order to measure the
removal depth, we initially selected the region of interest (ROI) of
the treated sample, as indicated by the blue solid box in Fig. 5(b),
and captured a 3D image of the ROI via laser scanning microscope.
Fig. 5(c) shows a two-dimensional (2D) projection image of the
acquired 3D image. Then, we extracted the profile from the center
line of the 2D image, as described in Fig. 5(d). We measured the
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S: Sample; E&F: Extraction and filtration system; FL: f-theta Lens; CA: Compressed
i Air; GM1: Galvo Mirror (x-axis); GM2: Galvo Mirror (y-axis); CW Laser: Continuous
i Wave Laser.

Scan Pattern

d, step size

(b)

Fig. 2. Laser decontamination experiment (a) Photo of the laser decontamination process. (b) Photo of a treated sample by laser decontamination. The scan area is 45 mm x 45 mm.

differences between the treated and untreated regions (blue solid here increases constantly with an increase in the number of scans.
boxes in Fig. 5(d); 30 um length per region). We defined the average Fig. 5(b) shows a photo of the treated sample when the number of
value as the removal depth in all experiments. scans was set to 3, achieving a removal depth of ~1.5 um. We

As shown in Fig. 5(a), the removal depth of the stainless steel achieved a removal depth of ~42 um when the number of scans was
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11.5 pm.

Fig. 4. Influence of the scan speed on the removal shape. Images of the surfaces of treated samples at (a) 15 m/s, (b) 10 m/s, (c) 5 m/s, (d) 3 m/s, and (e) 1 m/s.
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Fig. 5. Influence of the number of scans on the removal depth (a) Removal depth as a function of the number of scans (b) Photo of a sample treated by laser decontamination (c) 2D
projection image of the blue inset box in (b). (d) Profile of the center line in Fig. 2(c). Note that the size of the blue inset box in Fig. 2(b) is exaggerated here for better visualization. A
length of 30 um was used to estimate the depth removal of treated and untreated regions. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

set to 20, which is enough to achieve a DF exceeding 100 [4]. It was the laser decontamination of metals using a single-mode CW laser
evident that the removal depth was proportional to the number of and further paves the way for achieving an extremely high DF up to
scans, implying that the removal depth could be deeper as the 10000 by simply controlling the number of scans during the actual
number of scans is increased. This result confirmed the feasibility of dismantling process.
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Fig. 6. Influence of the laser fluence on the removal depth (a) Removal depth as a function of the laser fluence (b) Images of a sample treated at fluence levels of 18 J/cm? (top red
box) and 7 J/cm? (bottom green box). (c) Corresponding profiles of treated and untreated regions in samples. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

3.3. Influence of the laser fluence on the removal depth

Laser decontamination is based on the laser ablation phenom-
enon, referring to the accumulative process that occurs when light
energy is absorbed in a very short period of time in a confined area.
The absorbed energy is rapidly converted to heat and subsequently
evaporates solid materials, leading to the removal of contaminants
from substrate surfaces [9]. The efficiency of laser ablation is pre-
dominantly determined by the laser fluence, together with the
wavelength, material properties, and scan properties, and can be
evaluated using the removal depth [8]. Accordingly, we investi-
gated the influence of the laser fluence on the removal depth at a
fixed scan speed and fixed number of scans. We changed the laser
fluence levels of 7 J/cm? and 18 Jjcm?. The number of scans and the
scan speed were set to 10 and 10 m/s, respectively, for this
experiment.

Fig. 6(a) shows the removal depth as a function of the laser
fluence. Overall, the removal depth increases when increasing the
laser fluence. Fig. 6(b) shows images of a sample treated at fluence
levels of 18 J/cm? (top red box) and 7 J/cm? (bottom green box), and
Fig. 6(c) shows the corresponding profiles of treated and untreated
regions in samples. Notably, we found that the ablation threshold
level is ~10 J/cm? and observed that the removal depth was nearly
linear with regard to the laser fluence beyond the ablation
threshold. This trend shows good agreement with those in previous
studies [8,9].

4. Conclusion

Here, we demonstrated the laser decontamination of stainless
steel samples using a single-mode CW laser. By repetitively
exposing the single-mode CW laser to a confined region at a high
scanning rate, we successfully removed the metal surface to a depth
of more than 40 pum, which shows the potential to achieve an
extremely high DF up to 1000 by simply increasing the number of
scans.

In addition, the DF can be improved further by increasing the
laser power. However, in such a case, the scan speed must be
optimized to avoid any intrinsic melting. Specifically, it was found
that the scan speed should exceed 10 m/s at a laser power level of
300 W to minimize thermally induced, uneven aggregation pat-
terns under the given experimental conditions. We also observed
excellent homogeneity of the surface appearance in the 10-m/s
scan speed condition. Furthermore, we identified the ablation
threshold value for single-mode CW laser-based decontamination.

There are several benefits when decontaminating using the
single-mode CW laser. This technique removes RI contaminants
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from the surfaces of metals thoroughly. It also offers excellent cost-
effectiveness. In addition, it can significantly reduce secondary
waste from the decontamination process. The higher laser power of
the single-mode CW laser system also enables faster and wider
decontaminating operations. Thus, we expect that the single-mode
CW laser will be an excellent solution for decontaminating primary
circuits in nuclear power plants with a proper usage given its
advantages.
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