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A B S T R A C T

The impact of the thickness and uniformity of boron (B) layer deposited by the boronization process, as well as 
the understanding of the layer’s lifetime and oxygen gettering effectivity, remains uncertain and real time 
diagnosis is required in future. Building upon our previous work, the picosecond laser-induced breakdown 
spectroscopy (ps-LIBS) technology with spatial resolution capability was further employed to detect B elements 
in B films deposited on tungsten (W)-substrates samples. By adjusting experimental parameters such as laser 
energy and spot size, and studying the spatiotemporal evolution of W and B elements, the optimal experimental 
parameters were determined. Under a laser spot diameter of 488 μm, a laser fluence of 9.6 J/cm2, a delay time of 
30 ns, and a gate width of 600 ns were used to improve the limit of detection (LOD) of B by ps-LIBS. A set of 
samples with different B layer thicknesses on W-substrates from 5.6 to 151.5 nm was obtained through exposure 
of samples by magnetron sputtering in a laboratory arrangement and exposure of samples on a manipulator 
during two boronizations in the stellarator W7-X. The thickness of the B layers was measured by Focused Ion 
Beam combined with Scanning Electron Microscopy (FIB-SEM) and Nuclear Reaction Analysis (NRA). After 
extracting the net B signal from the LIBS spectra, a quantitative calibration curve and LOD of the B II-703.2 nm 
for the B layers on W-substrates were established for the first time. These results confirm that ps-LIBS technology 
holds promise for in situ diagnostics of ultrathin B layers, ranging from a few nm to 100 nm, on W-substrates in 
fusion devices after boronization.

1. Introduction

Boronization has been applied and developed in tokamak devices 
since the 1980s [1–3], and later in stellarator/helical devices as well 
[4,5]. The effects of boronization wall conditioning are primarily re
flected in three aspects: gettering the oxygen (O) and reduce the release 
of impurities, inhibiting the release of high-Z metals from metallic vessel 
walls wall; and lowering the particle recycling of hydrogen and its iso
topes [6–8]. According to the revised plan in 2024, the first wall ma
terial in ITER is planned be changed from beryllium (Be) to tungsten (W) 
[9]. This material change brings new challenges: firstly, tungsten as the 
first wall will be exposed at the main chamber wall, and eroded tungsten 

from the main chamber has a lower screening efficiency in comparison 
with to tungsten originating from the divertor, thus, the pollution of the 
core confinement is possible. Secondly, with the removal of Be’s oxygen- 
gettering ability, substitute measures may be needed to reduce the 
partial pressures of impurities such as water (H2O) and O [10]. Given 
these challenges, boronization is currently considered as wall condi
tioning method in ITER to ensure a smooth first start-up of plasma 
operation and subsequently to achieve the scientific goals of ITER 
including Q = 10 operation under steady-state conditions.

Currently, before high-parameter plasma operations, the vaporized 
carborane (C2B10H12) [11], decaborane (B10D14) [12], or diborane 
(B2H6) [13] gas is typically used as the working gas in a glow discharge 
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(GD) or ion cyclotron range of frequency (ICRF) discharge. The B 
compounds are dissociated to coat the plasma-facing materials (PFMs) 
with B layer. Nevertheless, these B layer gradually saturate or erode with 
prolonged exposure to high-parameter plasma. Complementary, the 
real-time wall conditioning technologies, such as the impurity powder 
dropper (IPD), have been developed to achieve high-performance dis
charges, particularly for long-pulse plasma operations, but they can be 
seen as final mitigation technique [14,15].

However, recent studies by Masuzaki et al [16] indicate that the 
distribution of boron layers is non-uniform in both of these boronization 
methods. The impact of the deposited B layer thickness, and its homo
geneity after the boronization process is uncertain as well as knowledge 
about the layer lifetime and improved conditions under non homoge
nous deposition, which requires real-time diagnosis. Laser-induced 
breakdown spectroscopy (LIBS) is considered a promising technique 
that can be used to in situ and real-time investigate the elemental 
composition, content, and thickness of deposited layers on the surfaces 
of PFMs [17]. LIBS has been successfully applied for in situ detection of 
key elements (H/D, Li, B, O, C, Si, W and so on) on several fusion devices 
[18–21]. While nanosecond (ns)-LIBS is commonly used, studies on W- 
based plasma-facing materials show that picosecond (ps)-LIBS offers 
clear advantages [22–24]. Its much lower ablation rate (~3–4 × lower 
for W) reduces heat-affected zones, melting and fractionation, preser
ving stoichiometry and improving depth resolution for fuel retention 
analysis. Moreover, the shorter pulses minimize plasma shielding and 
lower electron density, yielding narrower spectral lines and better 
spectral resolution. Owing to its excellent depth resolution and minimal 
thermal effects, ps-LIBS is also particularly suitable for measuring boron 
layers on wall surfaces at different locations after boronization [25]. Ps- 
LIBS has been successfully used in the laboratory to measure the B- 
deposition layers on the divertor tiles of the Wendelstein 7-X (W7-X) 
device after the OP 1.2b phase [26]. The results indicate that the dis
tribution of B along the radial direction of the divertor after hydrogen 
plasma operation and material migration is not uniform and complete 
erosion and thick deposits can occur. At the same time, in our previous 
work [27], the depth distribution of B-films on W-substrates with the 
thicknesses of 130 nm and 260 nm were measured by ps-LIBS under the 
different laser spot sizes (diameter: 142–1518 μm). The interface 

between B-films and W-substrates, as well as the thickness of the B-films, 
were determined and the results from ps-LIBS measurements are in good 
agreement with those obtained through the Focused Ion Beam combined 
with Scanning Electron Microscopy (FIB-SEM) and Energy Dispersive X- 
ray Spectroscopy (EDS). However, if the B layer thickness is less than 
100 nm, or even below the depth ablation rate of the ps-LIBS, the 
quantitative calibration curve and the limit of detection (LOD) for the B 
layer thickness need to be further established.

W7-X is an advanced stellarator with superconducting coils. Its sec
ond operational phase, OP 1.2, was subdivided into two sub-phases. 
Compared to OP 1.2a, which did not undergo boronization wall condi
tioning, W7-X performed three boronization wall conditioning during 
OP 1.2b [28]. The boronization was carried out in a He-GDC with 90 % 
He and 10 % B2H6. The results showed a significant decrease in the O 
and C concentrations in the plasma, with Zeff dropping from 4.5 to 1.2. 
The line-integrated electron density increased from 4 × 1019 m− 2 to 
above 1 × 1020 m− 2, and the diamagnetic energy increased from 330 kJ 
to 510 kJ [29]. The boronization proved to be a key factor in achieving 
good plasma performance. Subsequently, boronization was continued in 
OP 2.1. In this work, several B layer samples with different thicknesses 
on W-substrates were obtained from the magnetron sputtering and the 
3rd and 4th boronization during OP 2.1. The thickness of the B layers on 
different samples was determined using FIB-SEM and Nuclear Reaction 
Analysis (NRA). The signals for measuring the B layers on the W sub
strates by ps-LIBS were then optimized. Finally, a quantitative calibra
tion curve and LOD for the B layers on the W substrates were established.

2. Experimental setup

2.1. Sample preparation and characterization

The experiment involves four types of materials: pure W target (10 
mm × 10 mm × 5 mm, double-forged W with 99.99 % purity, produced 
by Plansee SE according to the ITER specifications), pure B target (99.95 
% purity, Mateck), the B-layer samples with different thicknesses on W- 
substrates obtained by magnetron sputtering, and the B-layer samples 
with different thicknesses on W-substrates after boronization in W7-X. 
Pure W and B target samples were used to determine the LIBS spectra 

Fig. 1. The cross-section of several typical samples obtained by FIB-SEM.
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of W and B elements in the 696–708 nm range as reference, as well as the 
spatiotemporal evolution characteristics of the plasma. This information 
is beneficial for distinguishing and detecting the B and W spectral lines.

Consistent with the previous work [27], a set of polished W targets 
was used as substrate samples for magnetron sputtering deposition. The 
deposition process was carried out using a pure B target under Ar plasma 

conditions (RF, 140 W). The thicknesses of the deposited B layers on the 
W-substrates were determined by varying the sputtering durations. To 
ensure uniform deposition of the B films, the sample holder was rotated. 
After deposition, the samples were removed from the vacuum chamber 
and stored in dry air (humidity < 40 %) at room temperature for three 
weeks before being transported to the LIBS and FIB-SEM laboratory for 
analysis. Fig. 1 presents the transverse cross-sectional images of several 
typical samples measured by FIB-SEM. The platinum (Pt) coating is a 
common and important step in FIB-SEM technology. It improves imag
ing quality, enhances sample stability, and protects the sample surface 
by reducing the damage caused by the focused ion beam. Due to the 
different contrast colors of Pt, B, and W-substrates under the scanning 
electron microscope, the boundaries between the three materials can be 
clearly distinguished. The samples with B layers thicknesses of approx
imately 14.5 nm, 20.1 nm, 35.2 nm, 58.6 nm, 84.1 nm, 116.8 nm, 128.4 
nm, and 151.5 nm were obtained and the results presented in Table 1. 
The sample with a B layer thickness of 128.40 nm (Sample No. 9) was 
used to study the relationship between spectral intensity, laser spot size, 
and laser fluence, as shown in Fig. 5. Samples with other B layers 
thicknesses were used to establish the quantitative calibration curves for 

Table 1 
The thicknesses of B-layer samples measured by FIB-SEM. Samples No.1 and 
No.2 also measured by the NRA.

Sample (No.) 1 
(W7-X)

2 
(W7-X)

3 
(MS)

4 
(MS)

5 
(MS)

Thickness 
(nm)

5.6 ±
1.19 
5–7 
(NRA)

12.3 ±
1.12 
10–15 
(NRA)

14.5 ±
0.65

20.1 ±
1.29

35.2 ±
0.79

Sample (No.) 6 
(MS)

7 
(MS)

8 
(MS)

9 
(MS)

10 
(MS)

Thickness 
(nm)

58.6 ±
0.78

84.1 ±
1.29

116.8 ±
1.27

128.4 ±
2.09

151.5 ±
1.72

Fig. 2. (a) The photo of FZJ-MAT1 probe head mounted on MPM in the exchange chamber of W7-X. (b) The photo of FZJ-MAT1 probe head with samples installed.

Fig. 3. The sample-No.2 spectrum of a spot measured by NRA. Peaks 10,11B(3He,px)12,13C, 12C(3He,p0,1,2)14N and 16O(3He,p0)18F were labeled by comparing the 
original and simulated spectrum.
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B layer thickness and content.
Five boronization processes were conducted during the OP 2.1 

campaign of W7-X. Eight samples (12 mm × 10 mm × 5 mm, consisting 
of W, C, Al, Cu, and Steel) were exposed using the multipurpose 
manipulator (MPM) during two boronizations in OP 2.1 (3rd boroni
zation on 4.2.2023 and 4th boronization on 25.2.2023). A photo of the 
manipulator probe head with the installed samples is shown in Fig. 2. 
The 3rd boronization lasted 146 min, at a pressure range of 9–11 × 10− 3 

Fig. 4. Experimental set up of ps-LIBS.

Fig. 5. (a) The emission intensity of B II-703.2 nm varies with the laser fluence. The diameter of the laser spot is fixed at 488 μm. (b) Comparison of spectral line 
intensity in two different cases. The black and red lines indicate that when the laser energy is fixed at 18 mJ, the emission intensity of B II-703.2 nm and W I-699.4 nm 
vary with the sizes of the laser spot, respectively [27]. The blue line shows that when the diameter of the laser spot is fixed at 488 μm, the emission intensity of B II- 
703.2 nm varies with the laser energy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Laser energy and corresponding laser fluence. The diameter of the laser spot is 
488 μm.

Laser energy (mJ) 7.9 10.1 12.9 14.0 14.9 16.8 18.0

Laser fluence (J/cm2) 4.2 5.4 6.9 7.5 8.0 9.0 9.6
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mbar, with an injected gas amount of 35.4 bar*l (electrode current:1–1.7 
A). The 4th boronization lasted 190 min, at a pressure of 8 × 10− 3 mbar, 
with an injected gas amount of 38.1 bar*l (electrode current:0.8 A). In 
this work, only the samples covered with B layers on W-substrates were 
analyzed by LIBS, and other materials were not discussed in detail. Both 
samples were extracted immediately after boronization and were not 
subjected to any subsequent plasma-discharge irradiation. The samples 
covered with B layers on W-substrates were stored at room temperature 
for about one year before being transported to the LIBS laboratory.

The polished W samples exposed during each boronization were also 
analyzed using NRA with 3 MeV 3He ions, and the thickness measure
ment results also presented in Table 1. Fig. 3 presents the sample spectra 
measured by NRA. The peaks corresponding to 10,11B(3He,px)12,13C, 12C 
(3He,p0,1,2)14N and 16O(3He,p0)18F were identified by comparing the 
experimental and simulated spectra. The detailed measurement pa
rameters are thoroughly described in the work of Mayer et al [30]. The 
results indicate that, during the 3rd boronization, 10–15 × 1016 B- 
atoms/cm2 (10–15 nm) have been deposited on the sample No. 2, while 
during 4th boronization, only 5–7 × 1016 B atoms/cm2(5–7 nm) have 
been deposited on the sample No. 1.

2.2. Ps-LIBS system

Fig. 4 illustrates the experimental setup of the ps-LIBS system. The 
basic configuration is similar to previous work [27], with the focus 
placed on the sensitivity improvements made to the system. The Nd:YAG 
laser, with a pulse width of 35 ps and a wavelength of 355 nm (third 
harmonic), was focused onto the sample surface inside the vacuum 
chamber using a focusing lens with a diameter of 50 mm and a focal 
length of 500 mm. The pressure inside the vacuum chamber was 
maintained at 3 × 10− 7 mbar, as measured by the gauge. The light from 
the laser-induced plasma passes through an optical window, is collected 
by a lens with a diameter of 75 mm and a focal length of 200 mm, and 
then coupled into a fiber. The plasma image was reduced by a demag
nification factor of 2 by the collecting lens. Unlike the single-core fiber 
used in previous work [27], a linear array of fiber bundles was employed 
for the detection of W and B elements. This fiber bundle consists of 20 
linear array fibers each with a core diameter of 350 μm, resulting in a 
total collection area length of approximately 14 mm and a spatial res
olution of 0.7 mm. The other end of the fiber was coupled to a custom- 
made spectrometer with a Littrow configuration (F-number: 4.3). Thus, 
the signal collection system, equipped with an ICCD camera (iStar 

DH334T-18F, Andor) featuring gating capability and a linear array of 
fiber bundles, provides spatial resolution and enhances detection 
sensitivity [31]. A CCD camera (PIKE-F100) equipped with a narrow
band interference filter (central λ–412 nm FWHM–1.5 nm) was used to 
synchronously capture images of the laser-induced plasma plume. A 
digital delay generator (DG645, Stanford R.S.) was employed to coor
dinate the timing sequence of the laser, spectrometer, and CCD camera.

3. Results and discussion

3.1. Optimization of laser spot sizes and laser fluence

Before measuring the B layer samples, the optimal LIBS experimental 
parameters, such as laser spot size and laser fluence, need to be deter
mined first. There are typically two common methods to change the 
laser fluence. The first method involves fixing the spot size and adjusting 
the laser energy to modify the laser fluence. The second method involves 
fixing the laser energy and adjusting the laser spot sizes to change the 
laser fluence. Understanding the variation in the signal intensity under 
these two conditions is of significant value for improving the LOD of B. 
In previous work [27], the variation in the intensity of B and W spectral 
lines with spot size changes under fixed laser energy was systematically 
investigated. The change in spot size was converted into a change in 
laser fluence, and the intensity trends of the B and W spectral lines are 
shown in Fig. 5(b) by the black and red lines, respectively. The thickness 
of the B layer on the W-substrate is 128.4 nm (Sample No. 9), and the 
spectral line intensity is the cumulative value of the laser pulses (the sum 
of the net B signal). The use of Sample No. 9, with an identical B-layer 
thickness on a W substrate, enables direct verification of the earlier re
sults and a deeper understanding of the underlying mechanisms. Due to 
the different spectroscopic parameters and excitation thresholds of B II- 
703.2 nm and W I-699.4 nm, there is a significant difference between the 
two curves. However, when the laser spot size changes, both the laser 
fluence and spot size (the ablation amount of B) vary simultaneously, 
thus influencing the spectral line intensity. In this work, a comparative 
experiment was conducted. The diameter of laser spot size was fixed at 
488 μm (the ablation amount of B is approximately constant), and the 
relationship between the intensity of B II-703.2 nm and laser fluence was 
obtained by adjusting the laser energy, as shown in Fig. 5(a). The curve 
was obtained by using B-spline fitting. This method provides local 
control and guarantees smoothness, thereby enabling a more accurate 
representation of the overall trend of the experimental data. The laser 

Fig. 6. LIBS spectra of (a) pure B and (b) pure W. The diameter of laser spot sizes is fixed at 488 μm (9.6 J/cm2).
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energy and corresponding laser fluence used in this work are shown in 
Table 2.

The intensity of B II-703.2 nm increases significantly with laser flu
ence. It is reasonable that when the B ablation amount is fixed, an in
crease in laser fluence effectively raises the plasma temperature (Te) and 
the electron density (ne), thereby enhancing the spectral line intensity 
[32]. This result is plotted in Fig. 5(b) as the blue line. The result shows 
that, for the same laser fluence (<9.6 J/cm2), the intensity value of the 
black line is consistently higher than that of the blue line. Comparing the 
spectral intensities under the two methods, although the laser fluence is 
the same, the number of B atoms ablated with the changing spot size is 
greater than the number ablated when the spot size is fixed. This directly 
confirms the explanation provided in previous work regarding the trend 
of B intensity variation with changes in spot size [27]. Specifically, 

although the laser fluence decreases with the increasing spot size, the 
ablation amount increases as the spot size grows, which is the result of 
the combined effects of these two factors.

Based on the results shown in Fig. 5(b), the LIBS experimental pa
rameters were optimized with a laser spot diameter of 488 μm and a 
laser fluence of 9.6 J/cm2 to achieve the optimal LOD for B under the 
current experimental conditions.

3.2. Photon number of characteristic lines and spatiotemporal evolution 
of B and W

An absolute calibration method was employed to convert the in
tensity values of the characteristic spectral lines into the number of 
photons collected within a specific solid angle, as expressed in Eqn. (1)

Fig. 7. (a) Temporal evolution of intensities of B II-703.2 nm and W I-699.4 nm. The delay time = 0 is synchronized with the laser pulse. The spatiotemporal 
distribution characteristics of (b) B II-703.2 nm and (c) W I-699.4 nm. The diameter of laser spot sizes is fixed at 488 μm (9.6 J/cm2).
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[33]. 

I(λki) = Ð¤(λki)L(λki)D(λki, g)K(λki) (1) 

where λki is the wavelength of the characteristic line, I(λki) represents 
the photon number of characteristic lines, Ð¤(λki) is the integrated 
plasma radiance, accounting for any relaying optics, L(λki) denotes the 
counts obtained by spectrometer, D(λki, g) is the detector response, such 
as gain, and K(λki) is the conversion factor with units of photons per 
count. All of these parameters are functions of the λki. The detailed steps 
of this method have been thoroughly described in previous work [34]. In 
this work, the solid angle for signal collection is approximately 0.0276 
sr. The counts of the characteristic line radiation obtained by the spec
trometer were all converted into the number of photons.

Fig. 6 presents the laser-induced plasma spectra of pure B and pure 
W. Due to the differences in the number of electrons in the outer shells of 
the atoms and their transition rules, the spectra of these two elements 
show significant difference. In the 696–708 nm range, only B II-703.02 
nm, 703.19 nm, and 703.25 nm can be detected for the B element, while 
the W element exhibits a more densely packed set of W I lines. It can be 
observed that both B and W elements have lines near 702 nm, indicating 
that there will be an overlapping spectral region when measuring the B 
layers on W-substrates using LIBS.

In previous work [27], the temporal evolution behaviors of B and W 
were systematically studied, and the radiative lifetimes of the charac
teristic lines of B and W elements were estimated. To further understand 
the plasma dynamics of B and W elements, and to optimize detection 
parameters for better LOD, this work presents an in-depth study of the 
spatiotemporal evolution behavior of B and W. The gate delay was set to 
20 × n, where n is the number of measurement steps. The gate inte
gration time was fixed at 20 ns. The collection method was along the 
laser direction with a paraxial collection angle of 15◦, as shown in Fig. 4. 
Fig. 7(a) presents the temporal evolution of the intensities of B II-703.2 
nm and W I-699.3 nm. The delay time = 0 is synchronized with the laser 
pulse.

The spatiotemporal distribution characteristics of B II-703.2 nm and 
W I-699.4 nm obtained using the linear array fibers are shown in Figs. 7 
(b) and (c), respectively. The radiation lifetime of the spectral charac
teristic line is influenced by various factors, including the upper energy 

level (Ek), transition probability (Aki), and plasma parameters (Te and 
ne). The lifetime of B II-703.2 nm (Ek:17.85 eV) is relatively short, which 
can be attributed to the rapid decrease in Te and ne following laser 
ablation in a vacuum. At the same time, due to the effects of mass and 
sheath acceleration, the spatiotemporal distribution behaviors of B II- 
703.2 nm and W I-699.4 nm differ significantly [31]. At a delay time of 
20 ns, the B II signal is already detected, while the W I signal has not yet 
appeared. At a delay time of 100 ns, the radial diameter of the spatial 
profile of B II exceeds 6 mm (the boundary is determined by 10 % of the 
maximum intensity), while the radial diameter of the spatial profile of W 
I is less than 2.5 mm. At a delay time of 200 ns, the radial diameter of the 
spatial profile of B II exceeds 12 mm, while the radial diameter of the 
spatial profile of W I remains smaller than 3.5 mm. Due to the spectral 
collection is paraxial rather than coaxial, the spatial distribution profiles 
of B II and W I are not perfectly symmetrical.

To further validate the spatiotemporal evolution results of the LIBS 
spectra, a fast plasma imaging method was used to capture the laser- 
induced plasma. The CCD camera, positioned perpendicular to the 
laser incident direction, recorded the plasma plume image of sample No. 
2(B-layer:58.6 nm) under the 2nd laser pulse, as shown in Fig. 8. Both 
the B layer and the W substrate were ablated at the 2nd laser pulse, as 
evidenced by Fig. 9(b). A narrowband interference filter (central λ-412 
nm FWHM-1.5 nm) was used to image the plasma emission of B II and W 
I characteristic lines. The recorded delay time and gate integration time 
were both 100 ns. At this moment, the B II emission cloud is clearly more 
expanded and extends farther than the W I emission cloud. Compared to 
atoms, univalent ions typically exhibit faster expansion to farther re
gions due to the acceleration from the sheath electric field in the shorter 
time following laser ablation. Additionally, the relative atomic masses of 
B and W are 10.81 and 183.84, respectively. Such a large mass difference 
results in a higher expansion speed for B compared to W. Therefore, at 
the same delay time, the spatial distribution profile of B is significantly 
wider than that of W. The emission behavior of the plasma plume 
recorded by the CCD is consistent with the spatiotemporal evolution 
behavior observed in the spectra.

Based on the above phenomena, this work determined the signal 
acquisition parameters with a delay time of 30 ns, gate integration time 
of 600 ns, and a collection region length of 14 mm to achieve the 
measurement of the B layers on the W-substrates. Furthermore, the 
significant spatial distribution differences between B and W will aid in 
distinguishing the spectral overlap region between B II-703.2 nm and W 
I-703.0 nm&703.2 nm, which will be discussed in Section 3.3.

3.3. The LIBS spectra under different laser pulses and the distinction 
between the B and W characteristic lines

Fig. 9 presents the LIBS spectra of B layer samples with different 
thicknesses on W-substrates as a function of the number of laser pulses. 
The spectrum obtained for each laser pulse is the result of spatial inte
gration (the sum of the 20 fibers). Fig. 9(a) shows the LIBS spectra of 
sample No. 1 for the first three laser pulses. It can be seen that, due to the 
B layer being only 5.6 nm thick, the 1st laser pulse ablates the W sub
strate (the strongest W I peaks such as W I-698.4 nm & 699.3 nm are 
detected), and the region around 703.2 nm represents the overlap region 
between B II and W I. The LIBS spectra obtained from the 2nd and 3rd 
laser pulses are nearly identical, indicating that the B layer has been 
removed by the 1st laser pulse. However, as the B layer thickness in
creases, the spectral features under different laser pulses show signifi
cant changes. Fig. 9(b) presents the LIBS spectra corresponding to 
sample No. 6, which has a B layer thickness of 58.6 nm. Under the 1st 
laser pulse, only the B signal is detected, with no signal from the W- 
substrate. Comparing the LIBS spectra obtained from the 2nd, 3rd, and 
4th laser pulses, it is evident that the B and W-substrate signals both 
appear under the 2nd laser pulse. After two laser pulses, the B layer on 
the W-substrate is completely removed. For sample No.10, with a B layer 
thickness of 151.5 nm, the LIBS spectra show only the B signal without 

Fig. 8. The photograph of the laser-induced plasma by the CCD camera. A 
narrow band filters (central λ-412 nm FWHM-1.5 nm) was used to investigate 
the plasma emission of B II and W I characteristic lines. The diameter of laser 
spot sizes was fixed at 488 μm (9.6 J/cm2).
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any W-substrate signal under the first two laser pulses, as shown in Fig. 9 
(c). The spectrum obtained from the 3rd laser pulse exhibits a strong B 
signal and a weak W-substrate signal, while the spectrum from the 4th 
laser pulse shows a weaker B signal and a stronger W-substrate signal. 
This indicates that the 3rd laser pulse ablated a larger amount of B, while 
the 4th laser pulse only ablated a small amount of the remaining B layer.

Due to spectral overlap between B and W emission lines at 703.2 nm, 
412.2 nm, and 249.7 nm, accurate determination and extraction of net B 
signals under varying laser pulse conditions are critical. In previous 
work [27], the method of extracting the net B signal using the equation 
SB-net signal = Soverlap region – k × Ssubstrate was proposed and successfully 
used to obtain the depth distribution profile of the B signal. k is calcu
lated by the ratio of Soverlap region to Ssubstrate in the pure W spectrum. 
Moreover, based on the significant differences in the spatial distribution 
behaviors of B II and W I, it appears promising to quickly determine the 
presence of B elements on the W-substrates only using a single laser 
pulse.

Figs. 10(a) and (b) respectively present the spatial distribution 
spectra of sample No.1 with a B layer thickness of only 5.6 nm under the 
1st and 2nd laser pulses. The spectral results in Fig. 9(a) indicate that the 
2nd pulse generates W-substrate signals with no detectable B signal. 
Therefore, for W, its spatial distribution has a narrow radial distribution, 

with noticeable W I signals only detected within the − 1.4 to 1.4 mm 
range. In contrast, the broader expansion of the B element allows its 
signal to remain clearly visible outside the − 1.4 to 1.4 mm range. This 
suggests that in the spatial distribution spectra shown in Fig. 10(a), the 
region around 703.2 nm within the − 1.4 to 1.4 mm range corresponds to 
the overlap of the B II and W I lines, while outside this range, only the net 
B II lines is observed. In addition, the spatial distribution spectra of 
sample No.10 with a B layer thickness of 151.5 nm under the 2nd and 
5th laser pulses are also shown in Figs. 10(c) and (d), respectively. The 
spectra presented under the 2nd laser pulse corresponds to the pure B 
layer (with no ablation of the W-substrate), while the spectra under the 
5th laser pulse corresponds to the W-substrate. It can be observed that 
when ablating the pure B layer, the B signal is strong enough for the 
characteristic peaks of B II lines to be detected in the spectra corre
sponding to each fiber. Therefore, using a spatially resolved method to 
detect the B layers on the W-substrates enables the rapid and accurate 
determination of the presence of B signals and the extraction of the net B 
signal.

3.4. The quantitative calibration curve and LOD for B

In this work, the thickness and amount of the B layer were 

Fig. 9. The spectra of B layers about (a) 5.6 nm (sample-No.1), (b) 58.6 nm (sample-No.6) and (c) 151.5 nm (sample-No.10) on the W-substrates under different laser 
pulses, respectively. The diameter of laser spot sizes is fixed at 488 μm (9.6 J/cm2).
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determined based on the FIB-SEM measurement results. At the same 
time, a depth scan of the B element on the section obtained by FIB 
cutting was conducted using EDS, which verified the FIB-SEM mea
surements of the B layer thickness on the W-substrate. The EDS 

measurements also revealed that O consistently exists in the films, and 
its depth profile trend is consistent with that of the main element B (92.6 
at%). This suggests that the analyzed layer is likely to contain boron 
oxide. It is assumed that the atomic number density of pure boron layer 

Fig. 10. Spatial characteristics of spectra of B layers (sample-No.1) on the W-substrates under the (a) 1st and (b) 2nd laser pulse. Spatial characteristics of spectra of B 
layers (sample-No.10) on the W-substrates under the (c) 2nd and (d) 5th laser pulse.

Fig. 11. External standard calibration curve and LOD of B II-703.2 nm versus (a) layer thicknesses and (b) amount of B.
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is approximately 1.30 × 1023 atoms/cm3. Since a small portion of the B 
layer was oxidized, the average atomic number density of B in the 
deposited layer was calculated to be approximately 1.10 × 1023 atoms/ 
cm3, based on the atomic percentages of B, O, and W obtained from the 
EDS analysis (B: 92.6 at%, O: 6.9 at%, W: 0.5 at%).

In previous work [27], the intensity ratio method was initially used 
for the measurement of two B layers with two different thicknesses 
(128.4 nm and 276.9 nm). In this work, the external standard calibration 
curve for B II-703.2 nm under the current experimental conditions was 
obtained through the extraction of the B signal from the spectra of 
samples with 9 different B layer thicknesses, as shown in Fig. 11. The net 
B signal is the sum of the first five laser pulses of the LIBS measurement. 
Both the B layer samples with different thicknesses obtained through 
magnetron sputtering and the B layer samples obtained after boroniza
tion in W7-X device are in good agreement with the fitted linear cali
bration curve. The R-squared value of the fitted curve reached 0.992. 
Therefore, under the present experimental conditions, the thickness and 
areal number density of the boron layer on W substrates can be deter
mined using Eqs. (2) and (3), respectively: 

Tboron =
( (

PBII− 703.2nm/106)+0.9390
)
/0.3632 (2) 

Nboron =
( (

PBII− 703.2nm/106)+0.1132
)
/0.2994*106 (3) 

where Tboron (unit: nm) denotes the thickness of the boron layer, PB II- 

703.2 nm represents the photons counts of the B II 703.2 nm emission 
line collected by the LIBS system, and Nboron (unit: atoms/cm2) is the 
areal number density of the boron layer.

These results demonstrate the feasibility and potential of the LIBS- 
based approach for quantitative analysis of boron layer thickness. 
Prior to actual boronization in fusion devices, LIBS measurements will 
be performed on several standard W-substrate samples with known 
boron layer thicknesses to establish a reliable calibration curve. Subse
quently, using the identical LIBS measurement parameters, the samples 
after boronization could be measured to determine the thickness or the 
amount of boron at specific location. Nonetheless, considering both the 
EDS results and relevant reports, the B layers examined in this study are 
most likely to contain boron oxides [35,36]. This finding indicates that 
the present calibration curve is specifically applicable to oxidized B 
layers deposited on W-substrates. Future work will combine X-ray 
Photoelectron Spectroscopy (XPS) with ps-LIBS to systematically 
investigate and characterize a broader range of B chemical states (e.g., 
B-oxide, B-D/T, B-O-D/T, B-C, B-O-C, B-W) formed under fusion- 
relevant conditions, thereby enabling a more comprehensive valida
tion and extension of the applicability of LIBS for in-situ analysis of B- 
containing layers.

The calibration curve allows for the determination of the LOD for B 
(B II-703.2 nm) on the W-substrates under the current LIBS experimental 
conditions. The calculation of the LOD is given by Eq. (4) [37,38]: 

LOD =
3σ
s

(4) 

Where σ is the standard deviation of the spectral background. The value 
of σ was calculated in the background ranges from 704.18 nm to 705.18 
nm for the selected LIBS spectra. s is the slope of the external standard 
calibration curve of B. Based on Eq. (4), the LOD for the thickness and 
the amount of B layer on the W-substrate using ps-LIBS were calculated 
to be 2.59 nm and 3.10 × 1016 atoms/cm2 (the diameter of laser spot is 
about 488 μm), respectively.

4. Conclusion

In this work, the relationship between the photons of B II-703.2 nm 
emission, laser energy, and laser spot size was systematically charac
terized, and the optimal laser fluence (9.6 J/cm2) was determined for a 
ps-laser at 355 nm. The spatiotemporal dynamics of B II-703.2 nm and W 

I-699.4 nm were then investigated using a linear array fiber bundle, and 
the results were consistent with those obtained from fast imaging 
techniques. By utilizing the significant difference in the spatial distri
bution behaviors of B II and W I species, the presence of B could be 
quickly identified with a single laser pulse. By extracting the net B signal 
from the spectra for different laser pulses and using the thicknesses in
formation of B layers measured by FIB-SEM, a quantitative calibration 
curve for the B II-703.2 nm line of B layers on W-substrate was obtained. 
The limit of detection (LOD) for the thickness and the amount of the B 
layers on the W-substrates were calculated to be 2.59 nm and 3.10 ×
1016 atoms/cm2, respectively. The results that the samples obtained by 
magnetron sputtering and those from W7-X after boronization both 
aligned with the quantitative calibration curve provides a promising 
solution for in situ, rapid determination of the B layer thickness and 
content at different locations after boronization in fusion devices.
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