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Abstract
Decontamination and cleaning of surface-contaminated radioactive waste using laser ablation is a promising new technique 
being researched. One advantage is the potential to recycle waste and reduce the demand for repository storage. However, 
prior studies have shown that residual radioactivity can persist after laser decontamination indicating the incorporation of 
contaminants beneath the surface of metal samples. In this study, a q-switched laser was used to measure the depth of the 
recast zone at various fluences and simulate a decontamination process using a gold-coated sample. The results showed 
that surface material was found in the recast zone for fluences ranging from 1 to 10 J/cm2. This suggests that incorporation 
of surface contaminants after laser ablation is an important issue that must be considered before using this technique for 
radioactive waste treatment.
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Introduction

Surface contaminated radioactive waste (SCRAW) refers to 
waste that has been contaminated with radioactive materi-
als on its surface. This type of waste typically comes from 
activities that use or produce radioisotopes, such as nuclear 
power plants, medical facilities, and laboratories. SCRAWS 
typically accounts for a significant volume of radioactive 
waste (95% of the total [1]), and frequently it could be recy-
cled or reuse.

The use of lasers to treat surface contaminated radioactive 
waste is an emerging technology that has shown promising 
results [2–10]. The process works by a process known as 
“laser ablation” [11] in which a pulsed laser (usually nano-
second duration) promotes the evaporation/sublimation of 

the substrate that contains the contaminant. The vapors/aero-
sols released [12] can then be captured [12, 13] and safely 
disposed of, while the material or object is left clean and 
uncontaminated. The volume that needs to be safeguarded 
can drastically reduce.

Other benefits of laser decontamination include the abil-
ity to decontaminate irregular shapes and difficult to reach 
surfaces, as well as the potential for reducing waste vol-
umes and exposure to workers during the decontamination 
process.

When working with metals, which constitute a significant 
proportion of SCRAWs, the interaction between the laser 
and the material can be explained as follows: The surface 
of the metal absorbs the energy from the laser pulse in the 
irradiated region, causing the temperature to rise to high 
levels. This heat then propagates to the inner regions, result-
ing in the formation of a puddle of melted material which 
eventually evaporates. In certain cases, the melted material 
can reach temperatures well above its boiling point, lead-
ing to the creation of a superheated melt. This leads to the 
formation of vapor in the superheated melt through homo-
geneous nucleation, which then rapidly expands, carrying 
vapor/droplets away from the surface, creating a phenom-
enon known as phase explosion. In any case, the removal 
of material from the metal surface by the laser is known as 
laser ablation.
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A recent study [14] performed by our research group 
showed that higher laser intensities (or fluences), depending 
on the metal, could lead to poorer decontamination. What we 
actually observed was a resilient residual contamination that 
did not decrease after successive laser irradiations.

The temperature gradient created by the laser in the 
melted puddle can result in differences in density across 
the material, consequently promoting convective currents. 
Additionally, the Marangoni effect, caused by the surface 
tension gradient arising from the temperature gradient, can 
also play a role in creating or contributing to these convec-
tive currents. Several studies have numerically simulated 
these effects, as seen in reference [15–17].

These currents could carry residual contaminants to 
inner samples regions, which could explain the behavior of 
the Fig. 1. For higher fluences the gradients could become 
higher and the currents stronger.

It is worth mentioning that the concentration of low and 
medium activity levels of SCRAWs is generally in parts per 
million or billion, which can make assessing these contami-
nants with spatial resolution a difficult task. However, it is 
possible to simulate the incorporation process with a higher 
concentration of a harmless element.

The aim of this study is to confirm the incorporation of 
surface material into the bulk material due to the laser abla-
tion decontamination.

Material and methods

The ASTM A36 alloy was selected as a substrate due to 
the formation of a clear boundary of recast material after 
laser ablation (see Supplementary material Section 1). Thus, 
allowing the measuring of the melted puddle depth after 
laser irradiation.

For the present experiment, we utilized a Q-Switched 
Nd:YAG laser (Quantel, Ultra 100) with a 7 ns pulse dura-
tion and a 20 Hz repetition rate, operating at 1064 nm. The 
setup included two motorized translation stages (Thor-
labs, LTS300/m) in an XY configuration to move a vac-
uum-operated sample holder. A focusing lens (Thorlabs, 
LA1986) with an effective focal length (EFL) of 125 mm 
was installed in a manual linear stage to compensate for 
different sample thicknesses. Figure 2 depicts a schematic 
of the experimental setup. The beam diameter at the sam-
ple surface position was measured using the Kapton® 
method, with a diameter was 590 µm.

Samples were irradiated accordingly Fig. 3, fluences 
used were 10, 7.5, 5, 2.5 and 1 J/cm2. The overlap between 
consecutive pulses was set at 50% of the damaged area, 
which was previously measured by an optical microscope. 
After the irradiation, samples were cut transversely to the 
irradiation paths, accordingly Fig. 3. One half was embed-
ded in Bakelite, polished, and subjected to etching with 
a 5% volume solution of nitric acid in ethyl alcohol to 
expose the crystalline grains (see Supplementary mate-
rial for more details). The resulting sample is depicted in 
Fig. 3 (right).

Fig. 1  Unscaled representation of convective currents induced in a 
melted puddle, which could carry surface contaminants beneath the 
surface. Flow direction will depend on the material properties, a and 
b represents the two possibilities

Fig. 2  The experimental setup is schematically illustrated in the fig-
ure. To prevent any contact with the sample borders and avoid the use 
of adhesives or mechanical devices, a vacuum pump was employed to 
hold the sample in place. The manual stage was adjusted to compen-
sate for variations in sample thickness, ensuring that the focal condi-
tion was maintained
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Samples’ morphology were analyzed using, optical 
microscopy, scanning electron microscopy—SEM—(Hitachi 
3000).

For elemental analysis a laser ablation induced coupled 
plasma mass spectrometry—LA-ICP-MS—(Thermo Scien-
tific iCAP Q and CETAC LSX-213 G2 +) with a laser spot 
diameter of 30 µm and fluence of 10.4 J/cm2 was used.

Results and discussion

First step was to measure the fused layer depth for various 
irradiation fluences. The eventual recontamination can only 
occur if the substrate reaches melting temperature, which 
could promote convective currents. To obtain a statistical 
variation, sample measurements were taken using SEM 
images at five different locations, each separated by a dis-
tance of 10 µm, Fig. 4.

Even for 1 J/cm2 recast zone was observed. For the flu-
ence range applied a linear behavior can be associated 
(Fig. 5).

To investigate the migration of material from the sur-
face to the recast region, a second round of experiments 
was performed. A similar sample was then cleaned in an 
ultrasonic bath followed by acetone, and subsequently 
coated with a 400 nm-thick gold film using a coating sys-
tem (Leica ACE 200), see Fig. 6 left. The coated sample 
was then irradiated using the same procedure and sub-
jected to the same methodology of cutting, embedding and 
polishing as before (Fig. 6, right).

Sampling was conducted to assess the presence of gold 
beneath the surface using the LA-ICP-MS. To distinguish 
the contamination profile, sampling was conducted by tak-
ing measurements in 3 µm steps (d parameter) starting 
from the surface and proceeding towards deeper regions, 

Fig. 3  The applied methodology is illustrated in a schematic diagram, 
showing a raster pattern with 50% overlapping of the damaged area 
on the left side. On the right side, different irradiation conditions are 

depicted, along with the plane where the sample was subsequently 
cut. Illustration of the final sample, and a photograph of the sample

Fig. 4  Representative SEM image and measurement procedure. The 
sample depicted was irradiated with 7.5 J/cm2 Fig. 5  Recast depth in function of the irradiation fluence, fitting 

coefficients: slope 0.85 µm/J  cm2 and intercept 6.64 µm (reduced 
χ2 = 0.93)
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as shown in Fig. 7, for each spot, 300 laser pulses were 
shot.

Since statistical variation was not considered, counts were 
normalized to enable comparisons of behavior between dif-
ferent fluences. Figure 8 shows a plot of “gold presence” as 
a function of the “d” gap (shown in Fig. 7), which indicates 
the incorporation of gold across all fluences.

The presence of gold beneath the surface was detected 
in all conditions, pointing the unwanted incorporation of 
surface material.

At last, a sample containing radioactive material has been 
generated. This was accomplished by employing a solu-
tion containing 241Am, which was subsequently utilized 
for electrodepositing in a circular area with a diameter of 
10 mm (Fig. 9). The resulting activity, as measured with a 

Beta-Gamma counter (Ludlum, Model 2929, using sensor 
model 43-10-1), yielded a count of 5840 counts per minute, 
which is approximately equivalent to 100 Bq.

Next, the sample underwent laser ablation with a fluence 
of 10 J/cm2, and the residual activity of alpha particles was 
evaluated. To further analyze the sample, a sanding process 
was carried out using 600 grit wet sandpaper. The thickness 
of the removed material was measured with an optical pro-
filometer, referring to a step height like a machined recess 
(“d” parameter). This iterative process was repeated until 
reaching the measured recast zone, as indicated in the previ-
ous results of this study.

The results were plotted also in Fig. 8, gray line, show-
ing accordance between the data gathered by different 
approaches.

Fig. 6  Sample after the gold 
coating process (left) and after 
the laser irradiations (right)

Fig. 7  Representative laser ablated regions by the ICP-MS analysis. 
Parameter “d” is the gap between the surface and the sampling area

Fig. 8  ICP-MS counts (normalized), in function of the “d” gap. 
A spline curve was added in order to represent the behavior of the 
incorporation. The dashed lines represent the measured recast zone 
(Fig. 5)
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Conclusions

Although laser decontamination is gaining momentum as a 
promising tool for treating SCRAWs [10], it is important to 
note that decontamination/cleaning by ablation can some-
times lead to the incorporation of contaminants beneath the 
surface. This can immobilize the contaminants and hinder 
further removal, which can be a particular problem in the 
case of radioactive materials. In some cases, the remain-
ing contamination may be small enough to meet regulatory 
requirements for regular disposal. However, in other cases, 
the incorporation of contaminant material may pose unde-
sired destiny to the piece.

The data indicates that, regardless of the irradiation flu-
ence, the penetration of such material was similar for the 
range and conditions applied. This suggests that the migra-
tion range may be related to the solidification time, which 
is influenced by factors such as the thermal conductivity of 
the metal. Another hypothesis that was considered is that 
the convective currents are induced only to a certain depth, 
regardless of the depth of the melted puddle.

The results are apparently not completely in accordance 
with the reported results showed in reference [14], since 
there was not observed incorporation on lower fluences, 
however, as in this work quantification of the incorporated 
material between irradiation conditions was not performed, 
thus this still is an open subject for future studies.

A conservative approach for laser decontamination could 
involve starting with sub-ablative conditions where the 
laser is used to induce shockwaves [18] to release loosely 
attached particles, without generating molten material and 
avoiding the incorporation of contaminants. After this ini-
tial cleaning step, the fluence can be gradually increased to 
the ablation regime to remove more stubborn contaminants. 

This approach could potentially minimize the risk of incor-
poration of contaminants while still achieving effective 
decontamination.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10967- 023- 09153-3.
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