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ABSTRACT: The inherently destructive nature of laser-induced breakdown spectroscopy (LIBS) precludes repeated 

sampling of the same surface region, rendering simultaneous multi-element acquisition essential for LIBS elemental mapping. In 

this study, a picosecond LIBS mapping system was integrated with a custom-developed sagittal-focused multiband spectrometer to 

achieve simultaneous multi-element two-dimensional (2D) and three-dimensional (3D) microanalysis of segregation in steel samples. 

The sagittal-focused optical design efficiently concentrates spectral signals onto the effective detection window of linear array 

detectors, enabling reliable single-shot spectral acquisition under the weak-signal conditions inherent to high-spatial-resolution 

mapping. Operating at a spatial resolution of 2 µm, the 

system simultaneously captured emission lines of four 

critical alloying elements, Al, Cu, Ti, and Mn, across two 

spectral channels in a single mapping scan. For 3D 

microanalysis, a defocus-focused coordinated scanning 

strategy enabled 12-layer depth-resolved elemental 

imaging within a volume of 100 × 100 × 24 µm³ with 

stable signal quality across all layers. These results 

demonstrate that integrating sagittal-focused multiband 

detection with picosecond LIBS mapping provides a 

comprehensive and practically irreplaceable tool for 

simultaneous, multi-element microstructural 

characterization of steel segregation.  

INTRODUCTION  

Quantitative elemental microanalysis plays a critical role in the 

quality control of steel products, particularly in the detection and 

characterization of elemental segregation 1-3. Segregation, arising 

from non-equilibrium solidification processes, leads to localized 

compositional inhomogeneity that directly affects the mechanical 

properties, corrosion resistance, and overall performance of steel 

materials 4,5. Accurate identification and spatial characterization of 

segregation regions is therefore essential for optimizing 

manufacturing processes and ensuring product reliability. 

Conventional analytical techniques for segregation detection, 

including electron probe microanalysis (EPMA) 6,7, scanning 

electron microscopy with energy dispersive spectroscopy (SEM-

EDS) 8, laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) 9, and micro X-ray fluorescence 

(µXRF) 10, offer high sensitivity and spatial resolution. However, 

these methods typically require stringent sample preparation, 

expensive instrumentation, vacuum operating conditions, and 

extended analysis times, which limit their suitability for rapid and 

cost-effective industrial inspection. 

In recent years, laser-induced breakdown spectroscopy (LIBS) 

imaging has emerged as a promising analytical technique for 

spatially resolved elemental characterization 11-14. By focusing a 

pulsed laser onto the sample surface to generate a transient plasma, 

LIBS enables rapid, in situ, multi-element qualitative and 

quantitative analysis with minimal sample preparation. When 
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operated in a scanning mode, LIBS can produce two-dimensional 

elemental distribution maps with micrometer-scale spatial 

resolution and acquisition rates reaching the kHz level 15,16. 

Compared to conventional techniques, LIBS imaging offers 

unique advantages, including ambient-pressure operation, broad 

elemental coverage that encompasses light elements inaccessible 

to electron-beam methods, and the potential for high-throughput 

analysis of large sample areas 17,18. These attributes make LIBS 

imaging particularly attractive for industrial applications such as 

steel segregation analysis 19, geological mineral characterization 
20,21, and biological tissue elemental mapping 22,23. Specifically in 

the field of steel analysis, LIBS imaging has been applied to detect 

inclusions and compositional heterogeneities at spatial resolutions 

ranging from several to tens of micrometers 24,25. 

Building upon these developments, our group has developed a 

picosecond LIBS mapping system utilizing a 355 nm ultraviolet 

laser with a 9 ps pulse duration for high spatial resolution 

microanalysis of steel segregation. In previous work, Li et al. 26 

demonstrated that optimizing the optical system to reduce the laser 

ablation crater diameter to 1.5 µm enabled LIBS mapping at a 

spatial resolution of 1 µm for detecting Al, Cu, and Mn segregation 

in steel samples. The reliability of the mapping results was 

validated through direct comparison with EPMA measurements 

performed on the same sample region, confirming excellent 

agreement in the spatial distribution and concentration of 

segregation zones. Subsequently, the system was advanced to 

achieve ultrafast LIBS imaging at 1.2 kHz, enabling acquisition of 

100-million-pixel compositional maps covering a 1 cm² area at 1 

µm spatial resolution 27. More recently, three-dimensional LIBS 

imaging was realized by implementing a defocus-focus 

coordinated scanning strategy, which enabled 12-layer depth-

resolved elemental imaging without physical sectioning, with an 

axial step of 2 µm and consistent signal quality maintained across 

all layers 28. 

Despite these significant advances, a fundamental limitation 

persists in the aforementioned LIBS mapping configurations. Both 

the ICCD-coupled Czerny-Turner spectrometer (SOL, NP-250-

2M) and the CMOS-based detector employed in our own previous 

mapping systems provide a spectral coverage of only 

approximately 10 nm per acquisition, restricting each mapping 

scan to the detection of a single element. Although commercial 

broad-range spectrometers such as echelle systems can provide 

wider coverage, their cross-dispersion optics introduce additional 

optical losses and remain susceptible to stray light and order 

overlap under the weak-signal conditions of single-shot 

picosecond mapping; multi-channel spectrometers assembled 

from parallel narrow-band units, in turn, are bulky and require 

trigger synchronization and inter-channel response calibration. 

These considerations motivated the custom sagittal-focused 

multiband design adopted in this work. To obtain the spatial 

distributions of multiple elements, the grating must be rotated, and 

the same sample area scanned repeatedly. However, LIBS is an 

inherently destructive analytical technique in which each laser 

pulse irreversibly ablates the sample surface. This destructive 

nature introduces a fundamental constraint that extends beyond 

mere operational inconvenience. After a mapping scan is 

completed for one element, the original surface has been 

permanently removed, and any subsequent scan necessarily 

interrogates a different surface layer with potentially different 

compositional characteristics. Consequently, the elemental 

distribution maps obtained from sequential scans cannot be 

spatially registered to the same physical surface, precluding 

reliable pixel-level correlation analysis between different elements. 

This limitation is particularly problematic for segregation studies, 

where understanding the spatial co-distribution of multiple 

alloying elements is essential for elucidating segregation 

mechanisms and assessing material properties. In three-

dimensional mapping, the situation is further aggravated because 

each additional elemental scan consumes an extra layer of material 

depth, thereby distorting the depth-resolved information. 

Therefore, achieving truly simultaneous multi-element spectral 

acquisition in a single mapping scan is not merely a matter of 

analytical efficiency but constitutes a physical prerequisite for 

obtaining reliable multi-element spatial correlation data. 

To overcome this bottleneck, the present study integrates a 

custom-developed sagittal-focused multiband spectrometer with 

the established picosecond LIBS mapping platform. In 

conventional Rowland circle configurations employing concave 

gratings, the spectral line image exhibits a pronounced sagittal 

extent that far exceeds the effective pixel height of linear array 

detectors, resulting in substantial signal loss. The sagittal-focused 

design addresses this issue by employing two cylindrical lenses to 

control and compress the sagittal extent of the spectral line image, 

thereby concentrating the diffracted signal within the effective 

detection window of the linear CCD detectors. Combined with 

multiple linear CCD detectors arranged along the Rowland circle, 

the spectrometer achieves simultaneous spectral acquisition across 

multiple predefined wavelength bands with high spectral 

resolution. The detailed optical design and specifications of the 

spectrometer are described in the Experimental section. Under the 

extremely weak-signal conditions characteristic of single-shot 

picosecond LIBS mapping at 2 µm spatial resolution, the sagittal-

focused signal enhancement is indispensable, as without it the 

spectral signal is insufficient for quantitative analysis. 

In this work, the integrated system was employed to perform 

simultaneous multi-element two-dimensional and three-

dimensional LIBS mapping of segregation in steel samples at a 

spatial resolution of 2 µm. Four alloying elements, Al, Cu, Ti, and 

Mn, were simultaneously detected across two spectral channels in 

a single mapping scan. This capability is physically inaccessible to  
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Fig. 1 a) Schematic diagram of the picosecond LIBS mapping system integrated with a sagittal-focused multiband spectrometer. BE: Beam Expander; N1: 

355nm notch filter, M4: TS/UV reflex enhancement; OL: objective lens; CAM: camera; OF: optical fiber. b) Intensity comparison of the Hg lines between 

the conventional and sagittal-focused configurations. c) Optical structure of the sagittal-focused multiband spectrometer. d) Hg line image of the conventional 

configuration. e) Hg line image of the sagittal-focused configuration. 

conventional sequential single-element LIBS mapping systems. 

Quantitative calibration curves were established for Al, Cu, and 

Mn using five certified standard steel samples. For three-

dimensional microanalysis, the defocus-focus coordinated 

scanning strategy was applied to achieve 12-layer depth-resolved 

simultaneous multi-element imaging of Al, Cu and Mn, 

maintaining stable signal-to-noise ratios across all layers. These 

results demonstrate that the combination of sagittal-focused 

multiband detection with picosecond LIBS mapping provides a 

comprehensive solution for simultaneous multi-element 

microstructural characterization of steel segregation, addressing a 

long-standing analytical bottleneck imposed by the destructive 

nature of LIBS. 

EXPERIMENTAL 

Experiment setup. The picosecond LIBS mapping system used 

in this study was developed by Smart Laser & Plasma System 

Corporation (SL&PS, M-LIBS-1, Japan). Fig. 1 illustrates the 

overall configuration of the integrated system. A Nd: YVO₄ laser 

(EKSPLA, Atlantic 5-IR-GR2-UV1, Lithuania) was utilized as 
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the excitation source, delivering 355 nm ultraviolet pulses with a 

pulse duration of 9 ps and a tunable repetition rate up to 1 MHz. 

The laser output was expanded into an 8 mm diameter beam by a 

355 nm beam expander, with a pulse energy of 5 µJ and an energy 

fluctuation below 2%. The laser beam was directed through a 

series of optical elements, including 355 nm mirrors (M1, M2, 

M3), a 355 nm notch filter (N1), and a 455 nm long-pass filter (L3), 

before being focused onto the sample surface by a UV objective 

lens (Thorlabs, LMU-15X-NUV, USA) with a magnification 

factor of 15× and a transmission range of 325–500 nm. A TS/UV 

reflex enhancement mirror (M4) was employed to optimize the 

optical coupling between the plasma emission and the collection 

optics. A CCD camera was used to observe the sample surface in 

real time through a lens (L1, f = 200 mm) to monitor the laser focus 

and ablation position. 

LIBS measurements were conducted in a vacuum box (TASCO, 

TA150XB, Japan) maintained at a pressure of 0.09 MPa, with 

high-purity argon gas flowing at 10 L/min to serve as the buffer 

gas. The mapping system operated in a line-by-line scan mode 

using a three-axis motorized stage (LIGHTIGO, MC-100, Czech 

Republic) with a travel range of 100 mm × 100 mm × 70 mm and 

a minimum step size below 1 µm. A digital pulse generator 

(LIGHTIGO, SyncRay, Czech Republic) ensured precise 

synchronization between the laser firing, stage movement, and 

spectral acquisition. The plasma emission was collected by a 

quartz lens (L2, f = 50 mm) and coupled into a fiber bundle 

comprising three optical fibers, each with a 200 µm core diameter, 

connected to the sagittal-focused multiband spectrometer. 

This picosecond LIBS imaging platform has been 

systematically validated in previous studies from our group. Li et 

al. 26 demonstrated that by optimizing the optical system, the laser 

ablation crater diameter was reduced to 1.5 µm, enabling LIBS 

mapping at a spatial resolution of 1 µm for the detection of Al, Cu, 

and Mn segregation in steel samples, with the results validated 

through direct comparison with EPMA measurements. The 

system was subsequently applied to high-throughput LIBS 

imaging of steel segregation 27 and was further extended to three-

dimensional LIBS imaging through a defocusing-focusing 

coordinated scanning strategy, enabling 12-layer depth-resolved 

analysis of Cu and Mn segregation in gray cast iron without 

physical sectioning, with an axial resolution of 2 µm 28. In the 

present study, the key modification to this established platform is 

the replacement of the detection unit with a custom-developed 

sagittal-focused multiband spectrometer to enable simultaneous 

multi-element spectral acquisition. Fig. 1c shows the optical 

structure of the sagittal-focused multiband spectrometer, which is 

based on a Rowland circle configuration with a 2400 lines/mm 

concave grating. To address the substantial signal loss caused by 

the large sagittal extent of the spectral line image in conventional 

configurations, two cylindrical lenses (CL1 and CL2) are 

introduced to shape the emission in the sagittal direction. CL1, 

placed between the entrance slit and the concave grating, and CL2, 

placed in front of the detectors, together compress the spectral line 

image onto the 200 µm photosensitive window of the linear CCD 

detectors, thereby improving the signal collection efficiency. The 

signal enhancement provided by the sagittal-focused 

configuration was evaluated using the Hg I 312.56 nm and Hg I 

313.2 nm emission lines from a mercury lamp, recorded with a 

CMOS camera (pixel size: 5.86 µm). Since the 200 µm 

photosensitive window of the linear CCD corresponds to 

approximately 34 pixels on the CMOS imaging plane, the 

integrated intensity over 34 vertically adjacent pixels was taken as 

the equivalent signal detected by the linear CCD. Fig. 1d and 1e 

show the image of the Hg lines on the detector plane for the 

conventional and sagittal-focused configurations, respectively. In 

the conventional configuration, the spectral line image exhibits a 

large sagittal extent, and a significant portion of the signal falls 

outside the effective window. In the sagittal-focused configuration, 

CL2 compresses the spectral line image in the sagittal direction 

into the effective window, achieving high signal capture. Fig. 1b 

compares the corresponding spectral intensities of the Hg lines 

obtained with the two configurations, showing that the sagittal-

focused configuration substantially enhances the signal intensity 

compared with the conventional configuration. This signal 

enhancement is essential for reliable spectral acquisition under the 

weak-signal conditions of single-shot picosecond LIBS mapping 

at 2 µm spatial resolution. 

Sagittal-focused Multiband spectrometer. The detection 

architecture is based on a custom-built sagittal-focused multiband 

spectrometer designed to overcome the classical trade-off between 

spectral bandwidth and high-resolution multi-element 

synchronization. Unlike traditional Czerny-Turner spectrographs, 

the sagittal-focused optical design optically compresses the 

plasma emission along the sagittal axis. This configuration ensures 

that the dispersed photons are precisely converged onto the narrow 

active area of the linear CCD arrays, maximizing signal collection 

efficiency and guaranteeing robust signal-to-noise ratios (SNR) 

for weak micro-plasma emissions. The detailed performance 

parameters of the spectrometer are summarized in Table 1. 

Table 1. Main Optical Specifications of the Spectrometer 

Parameter Symbol Value/Range 

Grating groove density g 2400 lines/mm 

Focal length  f / R 398.83 mm 

f-number F / # 9.06 

Numerical aperture NA 0.0552 

Theoretical Spectral resolution Δ𝜆 0.00284 nm 

 

Table 2. Spectral Coverage of the Linear CCD Detectors 

Linear CCD No. Wavelength Range (nm) Pixels Notes 

1 305.5-335.5 2048 Near-UV 

2 382.4-412.4 2048 Visible 
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To achieve broadband coverage without sacrificing resolution, 

the multiband spectrometer supports multiple linear CCD 

channels (Hamamatsu C15361-2048) arranged along the Rowland 

circle. In the present picosecond mapping configuration, the front-

end optics, in particular the 355 nm notch filter, the 455 nm long-

pass filter, and the transmission range of the UV objective, restrict 

the collected plasma emission to the near-UV and visible regions. 

The two channels covering these regions, denoted CCD1 and 

CCD2 in this work, therefore receive usable signal and 

simultaneously capture the targeted spectral regions in a single 

laser shot. The specific wavelength coverage for each active 

channel is detailed in Table 2.  

This customized dual-channel spectral window is ideally suited 

for the simultaneous detection of critical analytical lines of Al, Cu, 

Ti, Mn, and the matrix Fe. By eliminating the need for grating 

rotation, the system achieves true single-shot multi-element 

mapping with absolute spatial consistency. 

RESULTS AND DISCUSSION 

Achieving both high spectral resolution and wide spectral 

coverage in a single acquisition remains a major challenge for 

LIBS imaging. When high resolution is required, the measurable 

wavelength range is significantly reduced, making it difficult to 

simultaneously capture the characteristic lines of multiple 

elements. To address this limitation, the custom-developed 

sagittal-focused multiband spectrometer was used to 

simultaneously acquire broadband spectra. Fig. 2a shows the 

typical LIBS spectra of steel samples simultaneously recorded by 

the two operational channels in a single measurement, where 

Linear CCD1 covers the range from 305.5 to 335.5 nm and Linear 

CCD2 covers the range from 382.4 to 412.4 nm, both operated at 

a delay time of 0 ns and an integration time of 5 µs. The spectra of 

samples K15-004 and K15-212 are presented for comparison. 

Within a single measurement, the analytical lines of four elements 

were simultaneously recorded, namely Al I 309.27 nm, Cu I 

327.40 nm, and Ti II 334.18 nm in the CCD1 channel, and Mn I 

403.076 nm in the CCD2 channel, with the difference in their 

intensities reflecting the difference in elemental contents between 

the two samples. 

Fig. 2b–e shows the LIBS imaging of Al, Cu, Ti, and Mn. The 

measured area was 200 µm × 200 µm, and with a step size of 2 

µm, 101 × 101 points were obtained. The intensity ratio values 

IAl/IFe, ICu/IFe, ITi/IFe, and IMn/IFe were taken for the spectra 

to obtain the corresponding elemental distributions. The Al, Cu, 

and Mn imaging in Fig. 2b, 2c, and 2e were obtained from sample 

K15-212, while the Ti imaging in Fig. 2d was obtained from 

sample K15-004. The Mn imaging reveals a pronounced 

segregation distribution in its high-concentration regions, whereas  

Table 3. Element concentration of the standard steel samples 

Sample name Sample No. 

Element concentration (wt%) 

Al Cu Mn Ti Fe a  

K15-004 S1 0 0.236 0.885 0.105 92.07 

K15-223 S2 0.057 0.015 1.12 - 97.53 

K15-219 S3 0.062 0.018 1.36 - 96.99 

K15-209 S4 0.103 0.014 0.472 - 98.49 

K15-212 S5 0.133 0.016 0.778 - 97.59 

a Calculated by subtracting the measured elements (C, S, Si, Ti, Mn, P, Cr, 

Ni, Mo, Cu, V, Al, As). 

the Al and Cu imaging show comparatively weak variations. It 

should be noted that the Al, Cu, and Mn imaging of sample K15-

212 were obtained simultaneously from the same measurement, 

rather than from separate measurements. This simultaneous multi-

element capability is inherently inaccessible to conventional 

systems that detect only one element at a time, in which the 

destructive ablation prevents different elemental images from 

being registered to the same surface. 

In this work, five standard steel samples obtained from 

Zhengzhou Mechanical Research Institute were employed to 

investigate the segregation of critical alloying elements. Each 

sample has a diameter of 36 mm, and the surface was 

mechanically polished before measurement. The concentrations of 

the main elements in the five samples are listed in Table 3. The 

elements of interest are Al, Cu, Ti, and Mn, with Fe serving as the 

matrix reference. Among them, Ti is present in only one of the 

samples, while Al, Cu, and Mn are distributed across samples with 

varying concentrations, providing a suitable basis for establishing 

the calibration curves. 

To evaluate the quantitative capability of the system, the LIBS 

imaging of Mn, Al, and Cu was further performed on samples 

with different concentrations, as shown in Fig. 3. For each element, 

two samples with different concentrations are presented for 

comparison, and the corresponding calibration curve is shown in 

the rightmost column. Fig. 3a and 3b show the Mn imaging of 

samples with concentrations of 0.472 wt% and 1.36 wt%, 

respectively, and Fig. 3d and 3e show the Al imaging of samples 

with concentrations of 0.103 wt% and 0.062 wt%. For both Mn 

and Al, a clear difference in the intensity ratio can be observed 

between the two samples, consistent with their concentration 

difference. Fig. 3g and 3h show the Cu imaging of samples with 

concentrations of 0.014 wt% and 0.018 wt%. As the two 

concentrations are very close, no clear difference can be 

distinguished between the two samples, while the segregation 

regions can still be observed in the imaging. The calibration curves 

for Mn, Al, and Cu are shown in Fig. 3c, 3f, and 3i, respectively. 

For each standard sample, the calibration intensity ratio was  
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Fig. 2 Simultaneous broadband spectra and multi-element mapping. (a) Dual-channel CCD spectra of K15-004 and K15-212. (b–e) 2D elemental 

distributions of Al, Cu, Ti, and Mn. 

obtained by averaging 100 single-shot spectra acquired at different 

positions across the measurement region, with error bars 

representing the corresponding standard deviations. Because the 

certified concentration corresponds to the bulk composition of the 

sample, averaging over multiple positions provides an intensity 

ratio that represents the bulk composition and avoids the bias that 

would arise from sampling only locally enriched or depleted 

regions. The experimental data were fitted by the linear function y 

= a + bx using the internal standardization method. The ratio of 

Mn I 403.076 nm to Fe I 404.58 nm was calculated, resulting in a 

fitting coefficient of R² = 0.951. The ratio of Al I 309.27 nm to Fe 

I 310.066 nm was taken, obtaining a fitting coefficient of R² = 

0.987. The ratio of Cu I 327.40 nm to Fe I 325.47 nm was 

determined, resulting in a fitting coefficient of R² = 0.998. 



 

https://www.at-spectrosc.com/as/article/pdf/20260056s XXX  Atom. Spectrosc. 2026, 47(X), XXX–XXX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 a, b) Mn, d, e) Al, and g, h) Cu imaging of steel samples with different concentrations. Calibration curves of c) Mn, f) Al, and i) Cu using the intensity 

ratios, IMn/IFe, IAl/IFe, and ICu/IFe, respectively. 

To further validate the quantitative reliability, the fitting 

performance was evaluated using the coefficient of determination 

R² and the root mean square error of cross-validation (RMSECV), 

defined as: 

RMSECV = √
1

𝑛
∑(𝐶𝑖̂ − 𝐶𝑖)

2
𝑛

𝑖=1

(1) 

Where n is the number of samples in the calibration set, 𝐶𝑖 is the 

certified concentration of sample i, and 𝐶𝑙̂  is the predicted 

concentration obtained when the calibration model is 

reconstructed with sample i excluded. 

The limits of detection (LODs) for the target elements were 

estimated using the sensitivities of the corresponding calibration 

curves and the measurement uncertainties obtained from the steel 

samples containing the lowest concentrations of each analyte 

according to the following equation: 

LOD =
3𝜎𝑚𝑖𝑛

𝑆
 (2) 

Where 𝜎𝑚𝑖𝑛 represents the standard deviation of the background 

intensity ratio measured from the steel sample with the lowest 

analyte concentration, and S denotes the slope of the 

corresponding calibration curve. The calculated LOD values for 

Al, Cu, and Mn were 0.0162, 0.0078, and 0.3778 wt.%, 

respectively.  

 The three-dimensional LIBS imaging was performed following 

the defocusing-focusing coordinated scanning strategy established 

in our previous work 28, which enables depth-resolved analysis 

without physical sectioning. As shown in Fig. 4a, the sample was 

ablated layer by layer with a depth interval of 2 µm between 

adjacent layers, and a total of 12 layers were obtained. For each 

layer, a focused laser beam (z = 0) was used to perform precise 

ablation over the analysis region of 100 µm × 100 µm, while a 

defocused laser beam (z > 0) was applied to clean a larger area 

of 200 µm × 200 µm by raising the Z-axis, removing the surface  
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Fig. 4 Layer-by-layer continuity of Mn segregation in 3D LIBS imaging. (a) Schematic representation of the 3D mapping mode comprising 12 consecutive 

layers with a depth increment of 2μm per layer. (b–d) Sequential 2D spectral images of Mn corresponding to Layer 2, Layer 3, and Layer 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Simultaneous 3D LIBS imaging of Mn, Cu, and Al. (a) 12 sequential 2D slices along the Z-axis (2 μm/step) for 0.472 wt% Mn. (b) Reconstructed Mn 

0.472% 3D chemical volume. (c) Reconstructed Cu 0.014% 3D chemical volume. (d) Reconstructed Al 0.103% 3D chemical volume. 

residues from the previously analyzed layer and ensuring surface 

uniformity for the subsequent layer. Fig. 4b–d shows the Mn 

imaging of the 2nd, 3rd, and 4th layers, obtained from the intensity 

ratio IMn/IFe. The high-concentration regions, marked by red 

circles, are consistently localized at identical positions across 

successive layers, indicating that Mn segregation extends 

continuously along the depth direction. This consistency confirms 

the robustness of the defocusing-focusing coordinated scanning 

strategy, in which the defocused laser cleaning effectively 

preserves the spectral signal integrity for the subsequent ablation 
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layers and enables reliable layer-resolved imaging of the 

segregation. 

Fig. 5 shows the three-dimensional LIBS imaging of sample 

K15-209, in which the Mn, Cu, and Al imaging results were 

obtained simultaneously from the same measurement, with 

concentrations of 0.472 wt%, 0.014 wt%, and 0.103 wt%, 

respectively. The imaged volume covers a lateral area of 100 µm 

× 100 µm and a depth of 24 µm (total volume: 100 × 100 × 24 

µm³), corresponding to 51 × 51 × 12 data points obtained by layer-

by-layer ablation with a 2 µm depth interval between adjacent 

layers. Fig. 5a presents the layer-by-layer Mn imaging from the 1st 

to the 12th layer, obtained from the intensity ratio IMn/IFe. The 

high-concentration regions are consistently localized at identical 

positions in successive layers, confirming the robustness of the 

layer-by-layer ablation in resolving the depth distribution of Mn 

segregation. Fig. 5b reconstructs the 3D Mn distribution, in which 

the internal segregation architecture is clearly visualized as 

volumetric features extending along the depth direction. In 

contrast, the Cu imaging in Fig. 5c, obtained from ICu/IFe, 

exhibits a relatively uniform distribution throughout the imaged 

volume, indicating the absence of pronounced Cu segregation in 

this sample. The Al imaging in Fig. 5d, obtained from IAl/IFe, 

reveals several localized high-concentration regions within the 

volume.  

The Mn, Cu, and Al imaging results in Fig. 5 were obtained 

simultaneously from the same measurement. For conventional 

systems that can only detect a single element at a time under high 

spectral resolution, acquiring the 3D distributions of three 

elements would require three independent measurements on the 

same volume. As each layer-by-layer measurement progressively 

ablates the material along the depth direction, the original volume 

cannot be interrogated more than once, making multi-element 3D 

LIBS measurement unattainable. By acquiring multiple elements 

simultaneously, the three-dimensional distributions of different 

elements are obtained within the same volume, which is essential 

for 3D LIBS analysis of multi-element segregation. 

CONCLUSION 

In conclusion, to overcome the fundamental limitation of repeated 

sampling caused by the destructive nature of LIBS, a picosecond 

LIBS mapping system was successfully integrated with a custom-

developed sagittal-focused multiband spectrometer. The sagittal-

focused optical design efficiently concentrates weak spectral 

signals onto the effective detection window of linear array 

detectors. This integration enabled reliable, single-shot 

simultaneous multi-element acquisition under high-spatial-

resolution conditions. Operating at a 2 µm spatial resolution, the 

system successfully captured the emission lines of Al, Cu, Ti, and 

Mn synchronously across two spectral channels in a single scan. 

Furthermore, by implementing a defocus-focused coordinated 

scanning strategy, high-fidelity 12-layer 3D elemental imaging 

was achieved, maintaining extremely stable signal quality across 

all layers. Ultimately, the integration of the sagittal-focused 

multiband spectrometer provides a comprehensive and practically 

irreplaceable tool for the simultaneous 2D and 3D microstructural 

characterization of steel segregation. 
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