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The cladding of fast reactor fuel rods, made of stainless steel, presents significant challenges in cutting 
due to its ductility, which leads to increased tool wear and poor cut quality with traditional mechanical 
methods. Laser cutting has emerged as a superior alternative, offering non-contact precision, high 
efficiency, and suitability for radioactive environments. This study systematically investigates the 
effects of laser cutting parameters—cutting speed, focal position, power, and gas pressure—on the 
cutting quality of simulated fast reactor fuel rods. The results show that optimal cutting is achieved 
with a cutting speed of 1 m/min, a focal position between − 20 and − 25 mm, a laser power between 
7200 and 9600 W, and a gas pressure of 10 MPa. These parameters provide the best balance between 
cutting efficiency, surface roughness, and minimal slag formation. This study contributes valuable 
insights into optimizing laser cutting technology for nuclear fuel rod processing, with potential 
applications in fuel reprocessing and decommissioning.
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Fast reactor technology represents a crucial step in maximizing the efficient utilization of uranium resources. 
One of its essential processes involves the reprocessing of spent fast reactor fuel1–6, where irradiated fuel is 
treated to extract and purify unburned uranium and newly formed plutonium for recycling7–9. This ensures 
effective fuel reutilization. However, a significant difference exists between fast reactors and pressurized water 
reactors in the fuel rod cutting process. Fuel rods are elongated cylindrical structures, typically 1.5 m to 3 m in 
length and 10 mm to 15 mm in diameter10,11, encased in stainless steel with an additional 1 mm to 2 mm thick 
stainless steel wire wrapping. Due to the ductile nature of stainless steel, mechanical cutting methods lead to 
increased tool wear and reduced clean segment rates6,12,13.

With technological advancements, laser cutting has emerged as a focal point of global research14–18. It offers 
numerous advantages, including high cutting speeds, minimal secondary waste generation, absence of surface 
deformation or residual stress, suitability for high-radioactive and difficult-to-access areas via fiber optic delivery, 
extended tool lifespan through non-contact cutting, and applicability to complex and high-precision tasks19–22.

Laser technology is pivotal for the future of fast reactor fuel rod cutting, with countries like India, the 
United States, and Japan leading in its development for spent fuel components23,24. India has made significant 
advancements in laser technology, particularly by developing a laser dismantling system for removing fuel 
pins from wrappers25–27. This system is part of the cutting-edge efforts at the CORAL (COmpact Reprocessing 
of Advanced fuels in Lead-shielded) facility in Kalpakkam. Furthermore, India has clearly outlined plans to 
incorporate a laser cutting system into the Demonstration Fast Reactor Fuel Reprocessing Plant (DFRP), 
demonstrating the feasibility and advantages of using laser shearing technology in hot cell environments28,29.

While laser technology is widely used internationally for cutting the outer casings of fast reactor assemblies, 
we believe it also offers distinct advantages and potential for cutting fuel rods. The key benefit of laser shearing 
for fuel rods is its non-contact nature, which effectively eliminates issues like tool head wear, enhancing both 
equipment reliability and longevity. Our primary focus is on the quality of laser cutting for fuel rods, including 
the power required, the effectiveness of the cuts, and whether the presence of winding impacts the process. These 
questions form the basis of our current research objectives.
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The requirements for cutting fast reactor fuel rods include achieving minimal kerf width to maximize fuel 
recovery, minimizing slag deposition on cut surfaces, and ensuring smoothness for efficient transportation of 
short segments19,30–34. These challenges underscore the importance of laser cutting processes, which involve 
intricate interactions among material properties, laser beam characteristics, and cutting auxiliary gases35–37. 
Parameters such as material type, thickness, surface condition, laser mode, power, cutting speed, assist gas type, 
pressure, focal position, and nozzle dimensions significantly impact cutting quality38–40.

The cladding and helical wire of the fuel rods are made of stainless steel. In recent years, laser cutting 
technology for stainless steel has seen notable advancements in both efficiency and quality. Laser cutting has 
become a crucial tool for processing thick steel plates, particularly for high-strength stainless steel, where it shows 
significant advantages38,41,42. Research indicates that high-power fiber lasers can cut steel plates with thicknesses 
ranging from 10 to 60 millimeters without the need for auxiliary blowing. Advances in technology have further 
optimized the focus settings and laser parameters, improving both cutting quality and efficiency, especially in 
specialized applications like nuclear decommissioning43. Moreover, precise control of laser power and feed rates 
has resulted in superior edge quality and lower surface roughness, reducing the need for secondary processing44. 
Overall, laser cutting technology for stainless steel, particularly in thick plate cutting and high-precision 
applications, is gradually replacing traditional methods, becoming a key technology in industrial processing45.

The nuclear fuel within the rods is UO₂ ceramic, and laser cutting technology for ceramics has also 
made significant progress in recent years, particularly in precision machining and material performance 
enhancement46,47. Laser-assisted machining (LAM) has been widely applied to ceramics due to its ability to 
overcome the challenges posed by ceramics’ high hardness and brittleness48–50. Recent research has focused 
on optimizing laser cutting parameters such as laser power, feed rate, and scanning speed to reduce surface 
roughness and improve processing efficiency. For example, ultrafast laser processing of oxide-oxide (Al₂O₃/
Al₂O₃) ceramic composites has enhanced cutting precision by minimizing heat-affected zones and mechanical 
stress51. Additionally, the use of high-energy laser beams has enabled the cutting and processing of composite 
ceramic materials52, such as high-entropy ceramics53 like silicon carbide50, achieving impressive results.

This study employs a self-developed laser cutting platform to investigate how varying parameters—cutting 
speed, focal position, power, gas pressure, and assist gas type—affect the cutting performance of simulated 
fuel rod components. Through methods such as photographic observation, optical microscopy, and roughness 
measurements, the study analyzes and characterizes cutting outcomes under different conditions to identify 
optimal process parameters.

Experimental methods and materials
Cutting objects
The fast reactor assembly is comprised of a large stainless steel hexagonal tube that encloses a varying number of 
aligned, slender fuel rod components. In this laser cutting experiment, the focus is on aligned rows of simulated 
fast reactor fuel rod components. Each fuel rod is wrapped with a stainless steel wire measuring 1–2 mm in 
diameter, with an overall diameter of approximately 12 mm. The stainless steel cladding of the fuel rod is about 
1 mm thick, and its interior is filled with aluminum oxide ceramic to simulate UO2 fuel. Figure 1 provides a 
schematic diagram illustrating the stainless steel assembly and the configuration of the fuel rod components. In 
this experiment, 304 stainless steel was used as the material for the simulated fuel rods.

Experimental facilities
The experiment utilized a cutting table measuring approximately 3 m in length and 2 m in height, equipped 
with functions for rotating, cutting, and retracting stainless steel components. The laser cutting head employed 
can withstand up to 15,000 watts of power and includes capacitive focus positioning capability. The laser system 
utilized is the YMM-12,000 model, a 12,000-watt laser customized by Guozhi Laser, complete with a water 
chiller, gas cylinder set, control cabinet, and other necessary components. The primary equipment utilized in the 
experiment is depicted in Fig. 2.

Analytical method
The analysis and testing in this study encompass three main components. Firstly, photographic and visual 
inspection is used to evaluate the damage to the fuel rod and its wrapping wire. Secondly, a Vernier caliper is 

Fig. 1.  Schematic diagram of stainless steel component and fuel rod.
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employed to measure the width of the kerf. Thirdly, an optical microscope is utilized for photography and to 
measure the length of slag deposits. Additionally, a surface roughness tester is used to quantify the roughness of 
the cut surfaces.

Optical microscope: Wan Hao Imaging, model VMS-4030.
Surface roughness tester: Wenzhou Jingcheng Measurement Equipment Co., Ltd., model TR100.

Experimental process
The key focus in cutting fuel rod components is on minimizing the width of the kerf, as narrower kerfs result 
in less damage to the fuel. Attention is also directed towards evaluating the damage to the cut surfaces and 
the amount of slag deposition. These surfaces will serve as future contact points for dissolution reactions and 
may affect the transportation of fuel segments. Therefore, before each cutting operation, precise experimental 
parameters are established and assigned unique experiment numbers. Each experiment involves making two 
cuts under identical parameters: the first cut slices halfway through a fuel rod component for measuring the kerf 
width (as shown in Fig. 3), while the second cut completely severs the entire fuel rod for surface characterization 
(including measuring roughness and inspecting slag deposits under an optical microscope).

The cutting process begins with the cutting head moving laterally across the fuel rod components in the first 
step, halting upon completion of the cut. In the second step, the cutting head repeats the lateral movement to 
simultaneously sever all rows of fuel rods and their wrapping wires, as illustrated in Fig. 4.

Fig. 3.  Schematic diagram of the component to be analyzed.

 

Fig. 2.  Main equipment used in the experiment. (a) Rear view of the cutting platform. (b) Front view of the 
cutting platform. (c) Laser cutting head. (d) Laser generator. (e) Shearing state of aligned fuel rods.
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Experiment parameter
This experiment focuses on examining the impact of cutting speed, focal position, power, type of assist gas, and 
gas pressure on cutting quality. Parameters such as the ratio of cutting head lenses and fiber core diameter are 
kept constant throughout. Table 1 lists all the parameters that remain unchanged. These fixed parameters are 
established based on experience and preliminary tests to identify the optimal settings. Notably, the distance 
between the cutting nozzle and the component rod is set at 10 mm. This adjustment accounts for the slight lifting 
of the wire during the cutting process, even with a pressure plate in place. To mitigate any potential interference 
between the lifted wire and the moving laser cutting head, the nozzle was elevated to 10 mm. Extensive testing 
has confirmed that at this height, the slightly lifted wire does not affect the movement of the laser cutting head 
in any way. The experiment’s identification number and parameters can be found in Fig. 2. It is important to 
note that the air used passes through a high-precision filter and a refrigerant dryer. The high-precision filter 
is designed to achieve a dust content of 0.01 μm and an oil content of less than 0.001 ppm. Additionally, the 
refrigerant dryer maintains a pressure dew point ranging from 3 to 10 °C. The parameters of the laser are shown 
in Table 2.

Results and discussion
In this experiment, rows of components were cut using various cutting parameters, followed by photographing 
and observing the resulting damage. The observed damage primarily includes cutting marks and the condition 
of the cross-section on both the fuel rod components and the stainless steel wire wraps. Table  3 details the 
specific parameters used for each experiment, such as cutting speed, focal position, power, type of assist gas, and 
gas pressure.

Figure 5 shows the cross-sectional views of laser cuts using two different assist gases: (a) air and (b) nitrogen. 
From a scientific perspective, the choice of assist gas plays a critical role in the quality and precision of laser 
cutting.

In the case of air as an assist gas (a), the cutting surface appears rougher with more evident thermal damage 
and oxidation. This can be attributed to the presence of oxygen in air, which promotes combustion and leads to 
the formation of oxides on the cut surface, degrading the overall cut quality. Oxidation not only increases surface 
roughness but also potentially weakens the mechanical properties of the cut edges. In contrast, the nitrogen-
assisted cut (b) exhibits a cleaner surface with less thermal damage. Nitrogen, being an inert gas, prevents 
oxidation and results in a smoother cut edge. This is particularly advantageous for aluminum oxide ceramic, 
where oxidation-free cuts are often desired for both aesthetic and structural reasons. The reduced presence of 
oxides and smoother edges in the nitrogen cut make it a more suitable option for high-precision applications 
requiring minimal post-processing.

Fixed parameters Value

Cutting head lens ratio 1:2

Fiber core diameter (µm) 100

Height of cutting (mm) 10

Diameter of cutting nozzle (mm) 3

Duty ratio (%) 50

Impulse frequency (Hz) 4000

Table 1.  Fixed parameters for this experiment.

 

Fig. 4.  Laser cutting head movement trajectory.
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Figure 6 presents the kerf width variations under different cutting parameters—cutting speed, focal position, 
laser power, and gas pressure. Each parameter has a significant impact on the kerf width, and the observed trends 
provide insights into the cutting process.

At lower speeds (e.g., 0.3 m/min), the laser has a longer interaction time with the material, resulting in greater 
heat input and wider kerfs due to excessive melting. As the cutting speed increases (e.g., 1 m/min), the interaction 
time decreases, reducing heat input and material melting, leading to narrower kerfs. However, excessively high 
speeds may cause incomplete cuts as the laser energy may not sufficiently penetrate the material. A balance is 
achieved at moderate speeds, where sufficient energy is delivered without causing excessive material removal. 
The focal position affects how the laser energy is distributed within the material. A deeper focal position (e.g., 
− 25 mm) focuses energy more precisely within the material, resulting in narrower kerfs. However, if the focal 
point is too deep, it may lead to uneven cuts due to insufficient energy near the surface. Shallower focal positions 
(e.g., − 15 mm) spread the laser energy more across the surface, causing more material to melt and increasing 
the kerf width. The optimal range, as shown in the results, is between − 20 mm and − 25 mm, where the balance 
between depth and surface energy leads to the cleanest cuts. Higher laser power (e.g., 12,000 W) delivers more 
energy, which increases the kerf width by causing excessive material melting. Lower power (e.g., 7200 W) results 
in narrower kerfs, as less energy is absorbed by the material, preventing unnecessary melting beyond the cut 
line. However, if the power is too low, it may not fully penetrate the material, leading to incomplete cuts. The 

Experiment numbers Cutting speed(m/min) Focal position (mm) Power(W) Gaseous medium Gas pressure(Mpa)

1 0.7 − 20 9600 Air 15

2 1 − 20 9600 Air 15

3 0.3 − 20 9600 Air 15

4 0.7 − 25 9600 Air 15

5 0.7 − 15 9600 Air 15

6 0.7 − 20 12,000 Air 15

7 0.7 − 20 7200 Air 15

8 0.7 − 20 9600 Air 18

9 0.7 − 20 9600 Air 10

10 0.7 − 20 9600 Nitrogen 15

11 1 − 20 9600 Nitrogen 15

12 0.3 − 20 9600 Nitrogen 15

13 0.7 − 25 9600 Nitrogen 15

14 0.7 − 15 9600 Nitrogen 15

15 0.7 − 20 12,000 Nitrogen 15

16 0.7 − 20 7200 Nitrogen 15

17 0.7 − 20 9600 Nitrogen 18

18 0.7 − 20 9600 Nitrogen 10

Table 3.  Experiment numbers and parameters for this experiment.

 

Functional parameter Value Testing environment

Output rating (W) 12,000 W Rated power out of light

Polarization direction Random polarization –

Controlling power range (%) 10–100% –

Central wavelength (nm) 1080 ± 10 nm Rated power out of light

Output power instability (%) ≤ ± 2% 1000 h continuous operation;
The operating temperature is 25 °C

Modulation frequency (KHz) 50 KHz Rated power out of light

Optical quality (BPP, mm·mrad) <4 mm·mrad
(Output path 100 μm) Rated power out of light

NA < 0.1 Rated power out of light

Fiber core diameter (µm) 100 μm –

Output fiber length (m) 20 m –

External dimension (L×W×H, mm) 1006 × 918 ×  1356 mm –

Weight (kg) 500 kg –

Working environment temperature range (°C) 10 –40 °C –

Working environment humidity range (%) < 85% –

Table 2.  Laser parameter.
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Fig. 6.  Kerf width under different cutting parameters (a) Kerf width at different cutting speeds. (b) Kerf width 
at different focal positions. (c) Kerf width at different powers. (d) Kerf width at different air pressures.

 

Fig. 5.  Cutting results under different gaseous medium (a) air (b) nitrogen.
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optimal power range (7200 W to 9600 W) achieves a balance by providing enough energy for clean cuts without 
excessive melting. Gas pressure aids in removing molten material and preventing oxidation. Higher pressures 
(e.g., 18 MPa with air) can cause turbulence in the cutting zone, leading to wider kerfs due to irregular material 
ejection. Lower pressures (e.g., 10 MPa) produce more controlled cuts with narrower kerfs. Nitrogen as the assist 
gas produces less oxidation and narrower kerfs compared to air, and is less sensitive to pressure variations. This 
makes nitrogen more effective for maintaining precise cuts.

The kerf width is influenced by the balance of laser parameters. Higher cutting speeds, deeper focal positions, 
and moderate power settings result in narrower kerfs and better precision, while lower speeds, shallow focal 
positions, and higher power increase the kerf width due to excessive material melting. Gas pressure and type, 
particularly the use of nitrogen, also contribute to more controlled cuts and narrower kerfs. These observations 
highlight the importance of optimizing these parameters for efficient and precise laser cutting.

Figure 7 illustrates the surface roughness variations under different cutting parameters, including cutting 
speed, focal position, laser power, and gas pressure. These parameters directly influence the smoothness of the 
cut surfaces, and understanding their effects is key to optimizing laser cutting performance.

The results show that lower cutting speeds (e.g., 0.3 m/min) lead to higher surface roughness due to prolonged 
heat exposure, which causes excessive material melting and rougher edges. Slower speeds result in larger heat-
affected zones and material deformation, leading to rougher surfaces. In contrast, higher speeds (e.g., 1 m/min) 
minimize heat accumulation, creating smoother cuts. However, if the speed is too high, it may lead to incomplete 
cuts or inconsistent surface quality due to insufficient energy input. Therefore, a moderate cutting speed strikes 
the best balance between minimizing roughness and ensuring clean cuts. The focal position significantly impacts 
surface roughness. A deeper focal position (e.g., − 25  mm) concentrates energy more effectively within the 
material, reducing surface roughness as the laser focuses precisely on the cut zone. Deeper focal positions also 
minimize the heat spread across the surface, resulting in cleaner cuts. Shallower focal positions (e.g., − 15 mm) 

Fig. 7.  Surface roughness under different cutting parameters. (a) Roughness at different cutting speeds. 
(b) Roughness at different focal positions. (c) Roughness at different powers. (d) Roughness at different air 
pressures.
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disperse the laser energy over a broader area, increasing surface roughness due to uneven energy distribution 
and higher heat input near the surface. The results indicate that a focal position between − 20 mm and − 25 mm 
produces the smoothest surfaces. Laser power plays a critical role in determining surface quality. Higher power 
(e.g., 12000 W) increases surface roughness due to excessive melting, which creates a rougher cut surface as more 
material is vaporized or left unevenly cooled. Lower power (e.g., 7200 W) produces smoother cuts as less energy 
is absorbed, resulting in a smaller heat-affected zone and less material melting. However, too little power may 
lead to incomplete cuts or inconsistent quality. The optimal power range (7200 W to 9600 W) provides sufficient 
energy to make clean, smooth cuts while minimizing surface roughness. The gas pressure influences the removal 
of molten material and surface oxidation. Higher pressures (e.g., 18  MPa) are effective in removing molten 
material from the cut zone, which can reduce surface roughness by preventing slag buildup. However, excessive 
pressure can lead to turbulence, causing surface irregularities and increasing roughness. Lower pressures (e.g., 
10 MPa) result in smoother surfaces, as the gas flow is more controlled and minimizes slag formation. Nitrogen, 
being an inert gas, further reduces oxidation and promotes smoother cuts compared to air, as evidenced by the 
experiments using nitrogen at various pressures.

The surface roughness observed in Fig. 7 is primarily influenced by the interaction between the laser and 
material. Slower speeds, shallow focal positions, and higher power levels increase surface roughness due to 
excessive heat input and material melting. In contrast, higher speeds, deeper focal positions, and moderate 
power settings improve surface quality by minimizing heat effects. The choice of assist gas and its pressure also 
significantly affects the surface finish, with nitrogen and controlled gas pressures producing the smoothest cuts. 
Optimizing these parameters is essential for achieving the best surface quality in laser cutting processes.

Figure 8 provides magnified cross-sectional images of fuel rods cut under different experimental conditions, 
revealing variations in cut quality, surface roughness, and slag deposition. These differences can be attributed 
to key laser cutting parameters such as cutting speed, focal position, laser power, and gas pressure. Below, we 
discuss the reasons behind these experimental phenomena and the observed data.

The influence of cutting speed is evident in the surface roughness and slag formation. Lower cutting speeds 
(e.g., Experiment 3) lead to excessive heat accumulation due to prolonged laser-material interaction. This results 
in greater material melting and significant slag deposition, as well as increased surface roughness. Conversely, 
higher cutting speeds (e.g., Experiment 2) reduce the interaction time, minimizing thermal effects and producing 
cleaner cuts with less slag. However, excessively high cutting speeds can compromise cut depth and quality, as 
the laser energy may not sufficiently penetrate the material. This trade-off highlights the importance of selecting 
an optimal speed that balances clean cuts with efficient material removal.

Focal position significantly impacts the concentration of laser energy on the material surface and depth. 
Deeper focal positions (e.g., Experiment 4, − 25 mm) concentrate the laser energy within the material, improving 
cutting precision and reducing kerf width. However, these deeper positions may also lead to excessive material 
melting and increased slag formation if not well-controlled. Shallower focal positions (e.g., Experiment 5, − 
15 mm) disperse the energy more broadly across the surface, resulting in wider kerfs and more superficial cuts. 
The images in Fig. 8 show that a focal position in the range of -20 mm to -25 mm achieves the best balance, with 
narrower kerfs and minimal slag formation.

Laser power determines the intensity of the energy delivered to the material. Higher power levels (e.g., 
Experiment 6, 12,000 W) generate increased heat, enabling faster cutting but also leading to more pronounced 
slag deposition and rougher cut surfaces. This is because excessive power can cause over-melting of the material, 
especially when combined with slower speeds. On the other hand, lower power settings (e.g., Experiment 7, 
7200 W) result in smoother cuts and less slag but may struggle to penetrate the material effectively, particularly 
in the presence of the wire wrapping. The data suggest that a moderate laser power between 7200 W and 9600 W 
offers the optimal balance, providing clean cuts with manageable slag levels.

The assist gas plays a crucial role in removing molten material during the cutting process and preventing 
oxidation. The images in Fig. 8 indicate that higher gas pressures (e.g., Experiment 8, 18 MPa) facilitate better 
slag removal but can sometimes lead to surface roughness due to turbulence or improper molten material 
ejection. Lower pressures (e.g., Experiment 9, 10  MPa) reduce the effectiveness of molten material removal, 
resulting in more slag buildup on the cut surface. Nitrogen, due to its inert nature, generally produces less 
oxidation compared to air, which is evident in experiments using nitrogen assist gas (e.g., Experiments 13 and 
14). However, the benefits of nitrogen are more pronounced at moderate pressures, where slag removal and cut 
quality are both improved.

The presence of stainless steel wire wrapping adds complexity to the cutting process by influencing how the 
laser energy is distributed across the surface. The wire acts as a thermal sink, drawing heat away from the rod 
and potentially leading to uneven melting along the cut surface. This effect is most notable at lower laser powers 
or when the focal position is not optimized. In the optimized settings (e.g., focal position of -20 mm to -25 mm, 

Fig. 8.  Enlarged views of the cross-section under different cutting conditions.

 

Scientific Reports |        (2024) 14:29437 8| https://doi.org/10.1038/s41598-024-81161-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


cutting speed of 1 m/min, and power between 7200 W and 9600 W), the wire does not significantly hinder the 
cutting process, and smooth, consistent cuts are achieved.

Figure  9 shows the length of spatter under different cutting parameters, including cutting speed, focal 
position, laser power, and gas pressure. The spatter length directly reflects how effectively molten material is 
removed during cutting and is a key factor in determining cut quality.

The spatter length decreases as cutting speed increases. At lower speeds (e.g., 0.3 m/min), the prolonged 
interaction between the laser and the material causes excessive melting, leading to larger amounts of molten 
material being ejected, and thus, longer spatter lengths. Higher speeds (e.g., 1 m/min) reduce this interaction 
time, resulting in less material melting and shorter spatter lengths. However, if the cutting speed is too high, the 
laser may not deliver sufficient energy to fully cut through the material, potentially leading to incomplete cuts. 
The focal position influences spatter length by affecting where the laser energy is concentrated. A deeper focal 
position (e.g., -25 mm) concentrates energy within the material, reducing spatter as less material is melted on 
the surface. Shallower focal positions (e.g., − 15 mm) disperse the laser energy over a larger surface area, causing 
more material to melt and leading to longer spatter lengths. The results suggest that deeper focal positions help 
control spatter formation by focusing energy deeper within the cut. Higher laser power (e.g., 12000 W) leads to 
increased spatter length due to excessive material melting and vaporization. More molten material is generated, 
which results in larger amounts of spatter being ejected. Conversely, lower power (e.g., 7200  W) generates 
less heat, reducing material melting and, therefore, shortening the spatter length. A moderate power setting 
(e.g., 9600 W) provides a balance between cutting efficiency and minimizing spatter. Higher laser power (e.g., 
12000 W) leads to increased spatter length due to excessive material melting and vaporization. More molten 
material is generated, which results in larger amounts of spatter being ejected. Conversely, lower power (e.g., 

Fig. 9.  Length of spatter under different cutting parameters. (a) Length of spatter at different cutting speeds. 
(b) Length of spatter at different focal positions. (c) Length of spatter at different powers. (d) Length of spatter 
at different air pressures.
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7200 W) generates less heat, reducing material melting and, therefore, shortening the spatter length. A moderate 
power setting (e.g., 9600 W) provides a balance between cutting efficiency and minimizing spatter.

The spatter length is influenced by the balance of laser parameters. Higher speeds, deeper focal positions, 
moderate power, and controlled gas pressures contribute to shorter spatter lengths, while lower speeds, shallow 
focal positions, and higher power increase spatter due to excessive material melting. Optimizing these parameters 
is crucial for minimizing spatter and achieving cleaner cuts.

Conclusion and future scope
This study systematically investigated the influence of key laser cutting parameters—including cutting speed, 
focal position, laser power, and gas pressure—on the cutting quality of simulated fast reactor fuel rod bundles. 
Through a series of controlled experiments, we identified optimal settings that balance cutting efficiency and 
quality, offering valuable insights into the application of laser cutting for nuclear fuel rod processing. The main 
conclusions drawn from this study are as follows:

	(1)	�  This study successfully achieved the laser cutting of 1:1 scale simulated fuel rods with wire wrapping using a 
high-power laser system. The rods were cleanly cut, and the presence of the wire wrapping did not interfere 
with the movement of the laser cutting head.

	(2)	� A speed of 1 m/min achieved the best balance between cutting precision and efficiency, minimizing rough-
ness and slag formation. Focal positions between − 20  mm and − 25  mm provided optimal kerf width 
and minimal slag, concentrating energy at the best point for precise cutting. A power range of 7200 W to 
9600 W delivered the best cutting quality, minimizing surface defects, while excessive power led to rougher 
cuts. A gas pressure of 10 MPa with air gave the most consistent results for slag removal and clean cuts. 
Nitrogen performed well but was less sensitive to pressure changes.

Future scope
As the demand for efficient and precise fuel rod cutting increases in nuclear energy applications, laser cutting 
technology will continue to evolve. Future research should focus on the following areas.

	(1)	�  Advancements in Laser Technology: As ultrafast laser systems and higher-power fiber lasers become more 
accessible, future studies should investigate their potential to further enhance cutting precision and reduce 
the need for post-processing. Additionally, intelligent control systems could enable real-time adjustments 
to cutting parameters for even more precise results.

	(2)	�  Remote Operation in Radioactive Environments: The non-contact nature of laser cutting makes it ideal for 
applications in highly radioactive environments, such as nuclear decommissioning and fuel reprocessing 
facilities. Future research should focus on improving the reliability and safety of remote-operated laser cut-
ting systems in these hazardous settings, where manual intervention is not feasible.

	(3)	�  Integration of Automation: Automation of laser cutting processes can further improve operational effi-
ciency and safety, particularly in environments where human exposure is risky. Developing fully automated 
systems for cutting and handling nuclear fuel rods will be critical for scaling up this technology in practical 
applications.

	(4)	�  Material-Specific Optimization: In this study, aluminum oxide ceramic was used as a simulation of nuclear 
fuel. However, actual spent fuel contains hundreds of elements, and it is essential to first understand the 
effects of the laser on key elements such as uranium (U) and plutonium (Pu) before confirming its suita-
bility for cutting fuel rods. So far, we have conducted preliminary cutting tests on UO2 and found that the 
laser process does not affect its dissolution in nitric acid54. Moving forward, we will continue to explore the 
interactions between various elements and the laser, along with their potential impacts.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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