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H. van der Meiden e, A. Hakola f, P. Veis a,* 

a DEP, FMPI, Comenius University, Mlynská dolina F2, 842 48 Bratislava, Slovakia 
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A B S T R A C T   

A remote LIBS system is being considered as an analysis tool in ITER for monitoring the erosion and fuel retention 
in the first wall. This necessitates further investigation of the performance of LIBS for thick co-deposited layers 
consisting of ITER-relevant materials. The main goal of this work is determining the fuel content of the samples 
and D depth profile by LIBS and to compare the results with those obtained by other methods. The studied 
samples were Be-based mixed coatings on W substrates, containing D and in some cases C, O, or both. These 
impurities are relevant not only for ITER, but also for other fusion devices, such as JET-ILW. The laser ablation 
was performed at 10 mbar Ar pressure using a 5 ns pulse Nd:YAG laser at 1064 nm. Suitable Be and Ar spectral 
lines were employed for the evaluation of the electron temperature of the plasma using multi-elemental Saha- 
Boltzmann (MESB) plots. The electron density was obtained from the Stark broadening of the Dα and Hα spectral 
lines following deconvolution. The average elemental content of each coating was then obtained by calibration- 
free LIBS (CF-LIBS) and are in agreement with other techniques (TOF–ERDA, IBA).   

1. Introduction 

Understanding and controlling the interaction between plasma and 
plasma-facing materials (PFMs) is required to realize high performance 
in fusion devices. The PFM in the ITER main chamber will be Be. Its 
erosion and subsequent migration in the edge plasma will lead to the 
formation of co-deposited layers with fuel and impurities [1–5]. During 
tokamak operation, the structure, composition, roughness, thickness, 
etc., of the PFMs may vary, all altering fuel retention [6–9] and espe-
cially the newly deposited layers can trap a significant fraction of the 
plasma fuel [10]. Thus, it is crucial to monitor in situ the composition of 
these layers by LIBS [11]. The depth profile analysis of fusion-relevant 
bulk materials and deposited layers has been intensively studied by 
LIBS [12–21], as it has been proven to fulfill all the requirements for an 
online analysis, in vacuum and remotely for the next nuclear fusion 
device in ITER. The fuel retention has also been extensively studied by 
LIBS [13,22–24] but usually without the quantification approach. 

The quantification of the elements by LIBS requires either extensive 
calibration procedures or the application of Calibration Free (CF) LIBS. 

The CF-LIBS approach allows quantifying each element present in the 
sample without the need of calibration references of known composition 
and fuel content. CF-LIBS allows obtaining quantitative information by 
taking into account the physical parameters that characterize the plasma 
conditions: the electron density (ne) and temperature (Te). The ne is 
usually determined by the Stark broadening of the Balmer-α line of 
hydrogen at around 656 nm, while the Te is evaluated by the Saha- 
Boltzmann plot (1/slope) [25]. 

As the CF–LIBS approach is very sensitive to the Te and ne values, 
several conditions are necessary for a suitable Saha-Boltzmann plot: 
among others [26], presence of at least two different degrees of ioni-
zation, the widest range of higher possible energies (with as many 
spectral lines as possible for each degree of ionization), sufficient pre-
cision of the Einstein coefficients. Thus, one of the main conditions for 
precise Te evaluation, is to have at least one element with a large energy 
gap with sufficient precision of the Boltzmann data points related to the 
spectral lines. CF-LIBS has shown promising results in the analysis of 
various fusion-relevant materials [15,21,27,28]. 

The aim of this work is determining D retention and its depth profile 
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of Be-based mixed coatings with small additions of light elements (C, O, 
H) and retained fuel (D) by CF-LIBS, similarly to the analyses in our 
previous paper [27] where we studied for the first time D retention in 
BeW mixed layer samples. The Be-based samples containing O and D will 
be representative for the deposits predicted for the first wall of ITER 
while the inclusion of C in the mixture would make the layers mimic 
those already observed on JET ILW (the PFMs for the initial phase of 
ITER operation are Be and W). LIBS measurements of six different 
samples were done in a collaboration between VTT Technical Research 
Centre of Finland, the Comenius University and the University of Tartu. 

2. Materials and methods 

2.1. Samples 

The samples with mixed coatings of Be, O, C, and D in different ratios 
and thickness (5–15 μm) were deposited on a tungsten substrate at the 
National Institute for Laser, Plasma, and Radiation Physics in Romania, 
by high-power impulse magnetron sputtering in a high vacuum chamber 
[29]. The information regarding the measured samples can be seen in 
Table 1. 

2.2. Analysis method 

LIBS measurements of the above-mentioned samples were performed 
in a specially designed set-up in the Be-handling premises of VTT. A 
detailed description of the experimental set-up is reported elsewhere 
[12,15]. In brief, a Q-switched Nd:YAG laser (Brilliant B, Quantel) with 
its optical emission at 1064 nm with a pulse duration of 5 ns was used as 
a source to generate the plasma plume on the target material. The 
characteristic emission was collected by the acquisition optics (off-axis 
parabolic mirror and optical fiber bundle containing 50 fibers with di-
ameters of 50 μm) connected to the spectrograph (Andor SR-750). This 
spectrograph is coupled with an Andor iStar 340 T camera. The laser 
fluence was kept low (4.5 J cm− 2) to obtain a low ablation rate with a 
stable plasma ignition. 

The LIBS spectra were measured in 10 different pre-selected spectral 
ranges centered at 235, 275, 320, 365, 435, 475, 510, 642, 767, 844 nm, 
respectively, using a grating with 600 grooves/mm blazed at 500 nm, 
providing 40 nm wide spectral windows. For recording the Balmer-alpha 
lines of hydrogen isotopes at around 656 nm, a special grating with 1350 
grooves/mm and blaze at 675 nm was used. The spectral resolution of 
the applied spectrometer with this grating was approximately 0.1 nm 
(experimentally verified by recording the HeNe laser line at 632.8 nm 
scattered from the diffuser). This configuration with a spectral window 
of 20 nm enabled partly resolving Dα and Hα lines. In order to enhance 
the signal to noise ratio by enhancing the collisional excitation and to 
improve the detectability and separation of the Dα and Hα lines, the LIBS 
measurements were performed at 10 mbar Ar background pressure. 
Considering the emission of both ions and neutrals, and the best signal to 
noise ratio, most of the measurements were performed with the gate 
delay time of 300 ns while the gate width was set to 500 ns. For easier 
separation of Dα and Hα lines, the measurements with higher resolution 
grating were made at a 2500 ns delay time and 2000 ns width gate. For 
each measurement spot on the sample, 50–100 laser pulses (upper limit 

for the thickest sample) were applied to determine the elemental depth 
profiles of the coating and reach the W substrate. The emitted plasma 
light was collected by a 50 optical fibers bundle (0.125 nm diameter) 
transformed from round to linear in the lateral direction of the sample 
surface. The spectral response curve of the entire optical system was 
evaluated using a deuterium-halogen calibration lamp (Ocean Optics 
DH-2000-cal). For the wavelengths above 400 nm, high passband filters 
with a transmittance of 90% were used in the desired spectral range to 
avoid the simultaneous detection of the second-order lines from lower 
wavelength ranges. All the measured spectra were corrected to the 
spectral response curve and the transmittance of the filter. 

3. Results 

Elemental LIBS depth profiles were extracted using persistent and 
representative lines. Examples of such profiles for samples 1 and 2 (see 
Table 1), using delay time of 300 ns, are shown in Fig. 1 together with 
corresponding depth profiles measured using secondary ion mass spec-
trometry (SIMS). Sample 2 is thicker than sample 1, as evidenced by W 
lines starting to appear some 8 laser pulses later in the LIBS profiles (see 
Fig. 1A and C) and proved by depth measurements of the SIMS craters 
using a stylus profilometer. The spectral lines applied for the depth 
profile are Be I 332.11 nm, 381.34 nm, 457.26 nm; H + D 656.28 nm; C I 
247.85 nm; O I 777 nm, 844 nm; and W I 400.87 nm, 429.46 nm. Depth 
calibration was done by measuring the depths of the produced laser- or 
ion-beam craters by a stylus profilometer. 

As it can be observed in Fig. 1(B and D), the SIMS results are in 
agreement with the LIBS depth profile analysis even if the signal ratios 
by LIBS and SIMS (e.g., for D/Be) are different since the yield of atoms 
and ions vary. A small bump can be observed for H + D in the interface 
layer-between sample 1 and substrate in Fig. 1(A) that is not observable 
in Fig. 1(B). Several factors can contribute to the occurrence of this 
bump, e.g., laser heating and diffusion of species, matrix effects, 
contamination of the interface between the Be-based layer and the 
substrate (e.g., due to water), as well as imperfections in the properties 
of the particular sample selected as an example in Fig. 1(A). Interestingly 
no such bumps can be seen in Fig. 1 (C), indicating that no single factor 
alone can explain the details of the depth profiles, but a thorough survey 
of the thermal, structural, and surface properties of the studied samples 
is required; this is beyond the scope of the present work. In this case, the 
presence of H could be caused by water contamination in the sample. 

In all the measured spectra, a set of interference and self-absorption 
free lines was selected by comparing the measured data with simulated 
spectral lines [30]. Suitable Ar and Be spectral lines have been used for 
the evaluation of the electron temperature of the plasma using a Saha- 
Boltzmann plot, and for the final precise evaluation of the tempera-
ture, the multi-elemental Saha-Boltzmann plot of the neutral and ionic 
lines of both elements was used. Lines of other elements were not too 
numerous (other observed lines were C I line at 247.8 nm, O I lines at 
777.5 nm and 844.6 nm, and H I-D I at 656.1 nm and 656.3 nm, 
respectively) for the temperature evaluation. For each sample, the line 
intensities were averaged (see table 2) over the range of laser shots 
where the intensities remained practically same according to LIBS depth 
profiles. 

Fig. 2 shows (A) the multi-elemental Saha-Boltzmann (MESB) plot 
for Be I-II and Ar I-II, and (B) the Boltzmann plot (BP) of the selected 
emission lines of Be I-II, O I, C I, and H/D lines, in both cases for an 
averaged spectrum. The ne has been determined by the Stark broadening 
of the Balmer α line of hydrogen at around 656 nm, while the Te has been 
evaluated by the Saha-Boltzmann plot. The experimentally determined 
electron temperatures and densities are presented in Table 2. 

Fig. 3(A) shows the resolved spectral lines belonging to Dα and Hα. 
This spectrum was obtained at longer delay time of 2500 ns to obtain 
narrower lines and therefore facilitate the deconvolution process and 
determination of the D/H ratio. According to Fig. 3, the experimental 
spectra are partially resolved, showing two peaks that consist of the 

Table 1 
Elemental composition and thickness of the measured Be-based samples. 100 ◦C 
refers to the temperature during the production process of sample 4. Samples 
1–3 were produced at room temperature.  

Sample Elements Thickness 

1 BeOCD 5.7 µm 
2 BeOD 11.1 µm 
3 BeD 5.8 µm 
4 BeOCD (100 ◦C) 12.0 µm  
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abovementioned spectral lines. To this end, a Lorentzian contour for the 
Dα (magenta line) and Hα (red line) with varying FWHM values have 
been used in the fitting procedure. Lorentzian contour resulted in a 
reasonably good fit of the experimental data even though the Gaussian 
component caused by the apparatus function (0.1 nm) was comparable 
with the Lorentzian component caused by the Stark broadening at 2500 
ns. At 300 ns, the FWHM values were much higher (0.4–0.5 nm), and the 
Gaussian component had even smaller influence on the fitting. Never-
theless, the Gaussian component caused by the apparatus function and 
the Doppler broadening were considered in the determination of the 
electron density from the experimentally determined FWHM value. 
Fig. 3(B) shows the detailed depth profile for Dα and Hα for the spectrum 
acquired at a longer delay time (2500 ns) than Fig. 1, after the 

deconvolution process of the spectral lines shown in Fig. 3(A). 
CF-LIBS was applied to quantify the elemental composition of the 

coating in 4 principally different Be-coated samples (with and without C 
and O). For each coating, the CF-LIBS procedure used the D line in-
tensities, which were averaged over a similar range of laser shots (those 
spectra that maintain a stable LIBS intensity in the depth profile as 
shown in Fig. 1(A and C)), as shown in Table 2 for the Te determination. 
The results were compared with other existing techniques: Time-Of- 
Flight Elastic Recoil Detection Analysis (TOF-ERDA) and Ion Beam 
Analysis (IBA) [29]. The elemental content in percentages (%) for each 
sample is presented in Table 3. These results are generally in agreement 
with TOF-ERDA, IBA and TDS measurements from [29]. The approxi-
mate uncertainty levels for these other techniques are ~ 10%, while for 
LIBS, the uncertainty level is ~ 20%. Please also note that TOF-ERDA 
only considers the very surface layer (<100–300 nm), while just one 
laser shot ablates already the same amount of material (see ablation rate 
in Table 2). Thus, the results of TOF-ERDA are not completely compa-
rable with LIBS and IBA. 

CF-LIBS results are dependent on the accuracy of the determination 
of the electron temperature and density. The electron temperature value 
is influenced by shot-to-shot variabilities of the lines used to construct 
the Saha-Boltzmann plot, by the accuracy of the determination of the 
spectral sensitivity of the system and by the accuracy of the electron 
density determination [31]. Electron density, in turn, is influenced by 
the accuracy of the determination of the FWHM of the Dα and Hα lines. In 
Fig. 4(A), we can observe that for a variation of the electron density by 

Fig. 1. (A, C) LIBS and (B, D) SIMS depth profiles of different elements (H, D, Be, C, O and W) in sample 1 (A, B) and sample 2 (C, D).  

Table 2 
Electron temperature, electron density, and ablation rate values.  

Sample Averaged 
spectra 

Te (eV) ne ⋅1016 

(cm− 3) 
Ablation rate (nm/ 
shot) 

1 4–18 1.12 ±
0.02 

3.80 ± 0.15 280 

2 5–25 1.09 ±
0.02 

3.17 ± 0.70 230 

3 4–15 1.08 ±
0.02 

3.40 ± 0.10 250 

4 3–25 1.07 ±
0.02 

3.80 ± 0.25 360  
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1 order of magnitude, the percentage changes by ~ 50% for Be and ~ 
35% for D. Thus, the uncertainty in the ne evaluation for sample 1 
changes the Be and D concentration by ~ 1.5 at.% and ~ 2 at.%, 
respectively. In Fig. 4(B), we can observe the variation in the Be 
composition in at% as a function of the Te. From the regression formulas 
presented in the figure, we obtain the corresponding error in the Be and 
D concentration evaluation as ~ 18% and ~ 16%, respectively, due to 
the inaccuracy in the Te evaluation of ± 0.02 eV. The global error in the 
LIBS concentration evaluation is, for the sample 1, 20 at.%. Similar 
values were also found for the other samples. Thus, the correct evalua-
tion of the Te is extremely important as it can strongly affect the value of 
the estimated elemental composition. 

4. Conclusions 

The depth profile analysis by LIBS and SIMS has been performed for 4 

samples consisting of Be-based coatings. The quantification analysis for 
the composition of the samples (by averaging the spectra from the 
deposited layer) has been performed by CF-LIBS. The deconvolution of 
the H/D spectral line at 656 nm allowed to quantify H and D separately. 
It was found that D retention values measured by LIBS and reference 
methods (TOF-ERDA and IBA) correspond in general within 30% with 
each other. TOF-ERDA only considers the very surface layer (<100–300 
nm), while LIBS measurements ablate the same amount of material 
within one laser shot, and several laser shots were averaged for the 
elemental composition analysis. The obtained concentration values for 
other elements obtained by LIBS are at least within a factor 2 in agree-
ment with other techniques, except sample 4 (heat-treated sample up to 
100 ◦C). In this case, the differences are higher: D deviated by a factor 6, 
and C by a factor 5 (Be was not compared, only LIBS data provided). 
These achievements show that LIBS is a reliable method for measuring 
retained fusion fuel as well as the composition of deposited layers in 

Fig. 2. (A) MESB plot for Be I and Ar I-II, (B) Boltzmann plot for Be I, O I, C I, and H/D spectral lines using the evaluated Te from the MESB plot.  

Fig. 3. (A) Dα and Hα spectral lines, spectrally resolved by Lorentz fittings at 656.1 nm and 656.3 nm, respectively, for the 8th laser shot of the sample 1; (B) Depth 
profiles of D and H intensities for the same sample. 

Table 3 
Atomic percentages for Be, O, C, H, and D.  

Sample Be% O% C% H% D% 

LIBS LIBS TOF-ERDA IBA LIBS TOF-ERDA IBA LIBS LIBS TOF-ERDA IBA 

1  52.1  7.6 4.0 12.0 5.0 8.0 11.0  8.4  26.9 44.0 38.0 
2  54.0  8.0 3.1 0.0 — 0.3 —  13.6  24.4 26.0 24.6 
3  60.9  5.5 0.9 — — 0.1 —  14.6  19.0 20.0 19.0 
4  55.4  8.2 2.8 7.5 1.1 6.1 5.0  8.2  27.1 23.0 4.5  
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