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ARTICLE INFO ABSTRACT

Keywords: Laser Induced Breakdown Spectroscopy (LIBS) method is considered to be a promising tool for analyzing the

LIBS ) retention of hydrogen isotopes (D and T) and helium (He) on the first walls and divertor regions of future fusion

He retention reactors. Helium will be produced in DT reactions but could also be used in the initial non-nuclear phases of

Be coatings DEMO concepts. The present study investigates the He detection by LIBS method in the Be coatings simulating
the deposits on the divertor plasma-facing components of JET while the results are also relevant for He detection
in the deposits of other wall materials. The study was carried out in a vacuum vessel filled with 2-40 mbar argon
background gas. It was shown that 2.8 at. % of He was confidently detectable by LIBS at optimized measurement
conditions and the estimated limit of detection at used experimental conditions is approximately 0.7 at. %. The
intensity of the He emission line at 587.56 nm was the strongest at the center of the laser-induced plasma plume.
The He line intensity increased with the pressure of Ar gas but the broadening of the He line and the increase of
the background emission and noise set an upper limit to the Ar background pressure usable for He detection. The
application of the calibration-free LIBS procedure resulted in the overestimation of the He/Be ratio by several
orders of magnitude. The overestimation can be explained by the deviation of LIBS plasma from the local
thermodynamic equilibrium, which is caused by the very high excitation energy of He atoms.

1. Introduction

Beryllium (Be) is used as the first wall material of the main chamber
of Joint European Torus (JET) [1-3] because of its low atomic number,
which allows the reduction of the adverse effects of the plasma
contamination by erosion, its usefulness as a getter for oxygen and its
reasonably good thermal and mechanical properties [1,4,5]. One of the
issues investigated in JET is the hydrogen isotope (tritium (T) and
deuterium (D)) retention in the plasma-facing components (PFCs) [1,3].
While Be has lower tritium retention when compared to carbon [1,6],
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the retention is still relatively high, mainly due to the co-deposition of
hydrogen isotopes and Be on the divertor PFCs [6-9]. Besides the
hydrogen isotopes used as fuel, helium (He) ash is inherently produced
in fusion reactors and He retention in the co-deposits may influence the
fuel retention [10,11]. Therefore, the detection of He in layers with
variable composition and mechanical properties is an important
research question that has relevance for the operation of International
Thermonuclear Experimental Reactor (ITER) regardless of its main wall
material.

There is a need for in-situ methods that can determine the retention
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of fuel and other impurities in the ITER plasma-facing components.
Laser-induced breakdown spectroscopy (LIBS) is one method considered
for this purpose [12-16]. LIBS method uses a short (<100 ns) but intense
laser pulse to melt, evaporate and ionize a small amount of the inves-
tigated material. The optical emission spectrum of the formed plasma
plume is characteristic of the investigated material and can be used to
determine the qualitative composition of the material. Quantitative
composition can be determined after proper calibration of the LIBS
spectra or by using calibration-free (CF) LIBS when certain experimental
conditions are met. LIBS has been successfully used for D detection in Be
containing coatings and the quantitative concentration of D determined
by CF-LIBS is consistent with the D concentration determined by other
methods [17-21].

The excitation energies of stronger He lines are approximately 23 eV,
considerably higher than the excitation energy of 12 eV of the strongest
Dq line at 656.1 nm. This large energy difference expectedly requires
higher plasma plume temperatures for He detection. There have been
only a few LIBS studies concerning He detection in tungsten (W) [22-25]
and aluminum (Al) [26] and no studies concerning He detection in Be
containing coatings. Therefore, the aim of the current study was to
evaluate the usability of LIBS for He detection in Be coatings and explore
optimal experimental parameters for He detection. Be coatings are used
as proxies for co-deposits seen at JET and can represent other co-
deposits in future reactors, such as B-O-W when B is used as a getter
for oxygen instead of Be.

2. Experimental setup and methods

The samples simulating Be co-deposits with D and He were produced
at the National Institute for Laser, Plasma and Radiation Physics in
Romania by High Power Impulse Magnetron Sputtering (HiPIMS). The
coating with a nominal thickness of 5 pm and a composition (in at. %): 5
% D, 5 % He and 90 % Be were prepared on W substrates. The measured
thickness and composition values are given in the results section
(Chapter 3.1). Mirror-polishing of high-purity (99.5 %) polycrystalline
W was performed to replicate the pristine surface of the divertor and the
chemical cleaning process was used to eliminate processing and organic
residues [27]. The cleaned and polished substrates were affixed to the
sample holder 10 cm away from the water-cooled magnetron plasma
source which had a high-purity (99.95 %) Be metallic target. The source
was driven by a HiPIMS generator connected to a high-voltage DC power
supply (1 kV, 1 A) [27-29]. The reaction chamber was pumped down to
a base pressure of 10" Pa and a glow discharge was initiated for 30 min
in argon (Ar) background gas at pressure 4 Pa to clean the substrates
from impurities. Subsequently, a cathodic discharge was initiated to
remove impurities and surface oxides from the surface of Be target and
to ensure good adhesion between the formed coating and the substrate.
The deposition of He and D containing layer was made in He and D5 flow
(2 sccm and 40 sccm respectively) while the Ar process gas flow was (4
scem) and total pressure was 2 Pa. The deposition process with a single
plasma source took approximately 12 h to keep the substrate tempera-
ture below 60 °C which is well below the desorption threshold of He and
D from the deposited layers. The deposition rate was determined by a
quartz micro-balance and using extrapolations from previous
experiments.

The composition of the formed Be coating was analyzed by Time-of-
flight Elastic Recoil Detection Analysis (TOF-ERDA) and Secondary Ion
Mass Spectroscopy (SIMS). TOF-ERDA measurements were done using
20 MeV '271* beam obtained from the Tandem VdG accelerator at the
Ruder Boskovic Institute, Zagreb, Croatia. The angle between the sample
surface and the incident ion beam was 20°. The spectrometer was placed
at 37.5° toward the incident beam direction. More details about the
experimental setup can be found in [30,31]. Analysis of TOF-ERDA
spectra was done using the program Potku [32]. SIMS measurements
were made by a double focusing magnetic sector SIMS (VG Ionex IX-
70S). A 5 keV OF primary ion beam was applied, and the intensities of
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selected positive secondary ions were profiled as functions of time. The
current of the primary ions was adjusted to 500 nA during the profiling,
and the beam was raster-scanned across an area of 300 x 430 pm?. A 10
% electronic gate and a 1 mm optical gate were used in all the mea-
surements to eliminate the disturbing ejection of particles from the
edges of the SIMS crater [33].

LIBS measurements were carried out in a vacuum system dedicated
to LIBS measurements of Be-containing samples [18]. The schematic
description of the experimental setup is shown in Fig. 1. Most of the
measurements were carried out in an Ar atmosphere at 2 mbar while a
series of measurements were made at pressures up to 40 mbar. The
Quantum Brilliant B impulse Nd:YAG laser with 1064 nm wavelength
and 5 ns pulse width was focused on the sample surface by a lens with a
focal length of 500 mm. The energy of the laser pulse was 51 mJ and the
corresponding fluence was 4-4.6 J/cm?. The emission of the formed
laser plasma plume was collected perpendicularly to the laser beam. The
position along the plasma plume, where the emission was collected,
could be varied. The emission was directed by an off-axis parabolic
mirror onto the optical fibre bundle which guided the emission to the
spectrometer. The movement of the mirror allowed to change the region
of the plasma plume where the spectrum was collected and record the
intensity of the lines as the function of the distance from the sample
surface. The spectrometer was an Andor SR-750 coupled with an ICCD
camera Andor iStar 340 T. The spectrometer grating with 600 grooves/
mm with a blaze wavelength of 500 nm allowed to register the spectra in
the spectral window of 40 nm with the resolution of 0.15 nm (Apparatus
function of the spectrometer determined on the basis of FWHM of He-Ne
laser line at 632.8 nm). The delay time between the laser pulse and the
recording of the spectrum was 200 ns and the recording gate was also
200 ns. This delay time value was chosen because our unpublished
studies with W coatings showed that at similar pressures and optical
configuration, the highest signal-to-noise ratio for He 587.56 nm line
intensity was obtained in the delay time range of 100-300 ns.

3. Results and discussion
3.1. ToF-ERDA and SIMS measurements

According to the TOF-ERDA measurements, the coatings contained
2.8 at. % He, 3.7 at. % D and 89 at. % Be (Fig. 2a) in the surface regions
while there were also other impurities such as H, C, N, and O with
concentrations up to 1 at. % (not shown). The H and O concentrations
were higher at the surface of the coating while Be, D and He concen-
trations remained nearly constant throughout the depth accessible by
ToF-ERDA (300-400 nm). The depth profiles determined by SIMS
measurements show that the distribution of H and D was uniform
through the coating with a somewhat higher H signal on the surface
consistently with ToF-ERDA measurement (Fig. 2b). The signal from W
substrate started to appear at about 4000 nm which suggests that the

sample
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Fig. 1. Schematic of the experimental setup.
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Fig. 2. (a) ToF-ERDA depth profiles of H, D, He and Be concentration in the first 100 nm of the Be coating and (b) SIMS depth profiles of H/Be, D/Be and W/Be ratios

throughout the Be coating.

thickness of the coating was 4500-5000 nm and comparable with the
nominal coating thickness of 5000 nm.

3.2. Determination of spectral line intensities

Exemplary spectra in the wavelength range of 372-413 nm collected
for the 2nd and 100th laser shots at the same spot on the coating are
shown in Fig. 3. During the first laser shots, the spectra were dominated
by numerous Ar II lines and there was also a strong Be I 381.34 nm line.
At 16th laser shot, W lines started to appear and Be I and Ar II lines
started to decrease (see Fig. 5). At the 100th shot, the Be I line dimin-
ished to the noise level and Ar II lines became considerably weak,
compared to the situation during the first laser shots. Similar trends for
Be, Ar and W lines were observed in other wavelength ranges.

A reasonably strong and interference-free He line was observed at
587.56 nm (Fig. 4), when the spectra were collected from the central
plasma plume region. At this relatively short delay time, the electron
densities in the plasma plume were sufficiently large to cause consid-
erable Stark broadening of He and Be lines. Therefore, the lines were
fitted with Voigt profiles [34], with the variable width of the Lorentzian
profile determined by the Stark broadening and the fixed width of the
Gaussian profile defined by the apparatus function with the FWHM
value of 0.15 nm. The W lines were fitted with Gaussian profiles. It
should be noted that other relatively strong He lines at 388.86 nm,
447.15 nm and 667.82 nm were not detectable in the registered LIBS
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Fig. 3. LIBS spectra of laser shot 2 and 100 in the wavelength range between
372 nm and 413 nm were determined at 2 mbar Ar pressure (distance 6 mm
from the sample surface).
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Fig. 4. Example of the spectrum for a He line at 587.56 nm (black line)
collected during the 2nd LIBS shot at the same position with a delay time of
200 ns at 2 mbar Ar background pressure (distance 6 mm from the sample).
Fitting with a Voigt profile is shown as a red line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

spectra or interfered with much stronger background lines arising
mostly from Ar II.

3.3. Construction of elemental depth profile

The elemental depth profiles shown in Fig. 5 were constructed from
the intensities of Be I 381.34 nm line, W I 400.89 nm line, D 656.10 nm
line and He 587.56 nm line at the distance of 6 mm and pressure 2 mbar.
The intensity of the Be 381.34 nm line started to decrease after the 16th
laser shot, coinciding with the emergence of the W line and the plateau
for the W line was reached at about the 20th laser shot. The number of
pulses required to reach half of the plateau value (18 shots in Fig. 5) was
used to denote the interface between the coating and the substrate. It can
be expected that this interface was actually ablated gradually due to the
roughness of the substrate and the Gaussian shape of the laser beam
resulting in the uneven ablation of the material. This also explains the
gradual change of the line intensities after the 16th laser shot. When
using the thickness of the coating between 4500-5000 nm and the
approximate number of 18 laser shots required to ablate through the
coating, the average ablation rate was 250-280 nm/shot. This ablation
rate is comparable to the rates that were determined for other Be-
containing coatings [17,18,20].
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Fig. 5. Normalized LIBS depth profiles for Be, W and He lines (distance 6 mm
from the sample). The arrow shows the laser shot number where the W lines
started to appear and the dashed line shows the laser shot number where the W
line intensity reached half of the plateau value corresponding to the bulk of the
W substrate.

The intensity of the He line was higher during the first laser shot and
then decreased to a lower level. This nearly constant level was kept up to
20-21 laser shots with only a slight decrease in He line intensity. At
higher shot numbers, the intensity decreased to noise level which was
reached after approximately 35 laser shots. The increased He signal
during the first laser shot is not consistent with ToF-ERDA measure-
ments, where He signal remained the same. Therefore, the increased He
line intensity during the first laser shot is either due to the laser-induced
outgassing of He or due to the different laser plasma plume properties
caused by different properties of the surface layer of the coating. The
outgassing can be an important factor for the reduced LIBS D intensity
after the first laser shot as shown by a recent study [35]. However, the
importance of outgassing of He remains less clear. The material surfaces
have different mechanical and chemical properties from the bulk and,
therefore, are expected to result in different ablation and different
plasma plume properties. This matrix effect can also result in increased
He line intensity during the first laser shot. A similar matrix effect is
expected at the interface between the coating and the substrate.

The relatively constant value of He line intensity from shots 2-21
corresponding to the LIBS signal from the Be coating allowed the aver-
aging of the spectra over the 20 successive laser shots, that is averaging
each point in the spectrum over multiple shots (such as the spectrum
corresponding to shot 2 shown in Fig. 4) to construct a new averaged
spectrum with lower noise level. We checked that the values for the
intensity and FWHM of the He 587.56 nm line of this average spectrum
resulted in the same values as the average intensity and FWHM of the
individual spectra recorded from the contributing 20 pulses.

The limit of detection (LOD) for the He 587.56 nm line intensity with
the applied LIBS parameters was determined from the standard devia-
tion of the background intensity sg: LOD = 3sp-cye/Ige [36], where cye =
2.8 at. % and Iy, = 740 (a.u.) is the average He line intensity from shots
2-21. The spectral range which was used for the calculation of sg was the
same as the range used to determine the intensity of the He line
(587.25-587.85 nm) but the spectra corresponded to the laser shots
81-100 where the signal originated from the W substrate where He was
missing. The average value of the standard deviation over shots 81-100
was sg = 62. As a result, the LOD = 0.7 at. % was obtained. This
detection limit is consistent with the results of our previous study where
He could not be detected by the LIBS method in Be coatings with 0.54 %
He by LIBS [21].
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3.4. He line intensity at different distances in the plasma plume

The averaged spectra described in the previous paragraph were
determined at different positions along the plasma plume and are shown
in Fig. 6. Averaging was required because the spectra registered at other
distances resulted in considerably weaker He signal and the He 587.56
nm lines of single spectra collected at the distance of 11 mm were at the
noise level.

The intensity of the He 587.56 nm line was the strongest at a distance
of 6 mm from the target. Closer to the target, at 3 mm, the intensity was
smaller and farther from the target, at 11 mm, the intensity dropped to
almost zero. Similar dependence on distance was determined for the Be
381.34 nm line (Fig. 7a). The width of the He line also depended on the
distance and was peaking at a distance of 6 mm (Fig. 7b). This suggests
that the plasma density was the highest at this distance.

3.5. He line intensity at different pressures

The averaged spectra of the He 587.56 nm line collected at
increasing pressures are shown in Fig. 8. With increasing Ar pressure,
the He line broadened and its maximum shifted towards shorter wave-
lengths. In addition, the intensity of the background emission increased
and resulted in a larger noise of the signal. The lines collected at
different pressures were fitted by Voigt profiles.

The intensity of the He 587.56 nm line increased with pressure and
started to reach a plateau at 20 mbar (Fig. 9a). At the same time, the line
width increased almost linearly with pressure and there was a noticeable
shift of the position of the peak maximum towards smaller wavelengths.
Both effects are caused by the increase of electron densities which occurs
at higher pressures. The FWHM value of the He line was used to
calculate the electron density [37] which increased from 1 x 107 cm 3
to 1.3 x 10'® em™2 when the pressure increased from 4 to 40 mbar.
Similar electron density values were obtained from the shift of the
central wavelength of the He 587.56 nm line when assuming the elec-
tron temperature of 1.7-1.8 eV. This temperature is consistent with the
temperature assessed by the Boltzmann plot method (section 3.6).

Increasing pressure results in the reduction of the dimensions of the
plasma plume [38,39], and the ablated material will be concentrated
into a smaller volume. This increases the electron density and electron
temperature [22,38,39] which can explain the increasing He line in-
tensity. Another factor to consider is that the smaller the plume the more
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Fig. 6. Averaged LIBS spectra around the He 587.56 nm line were determined
at three positions along the plasma plume at 2 mbar Ar pressure and a delay
time of 200 ns. The schematic plume image with the corresponding distance
values is shown in the inset. Black lines show the fitting results by
Voigt profiles.
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Fig. 8. Averaged LIBS spectra around the He 587.56 nm line were determined
at variable Ar pressures (distance 3 mm). Black lines show the fitting results by
Voigt profiles.

of the total emission is recorded by the optical fiber. It should be noted
that these measurements were carried out at a closer distance to the
target (3 mm) to account for smaller plume dimensions at higher pres-
sures. The plume region where the intensity achieves its maximum also
shifts closer to the target at higher pressures [38,40], potentially
explaining the apparent increase in the line intensity and electron

density in this regime.

The results demonstrate that at higher pressures, the determination
of the He line intensity becomes limited by strong Stark broadening and
increased noise. The electron density and Stark broadening reduce with
longer delay times but the intensity of the relevant He line will also
decrease. Further studies are required to investigate the influence of the
increasing plasma pressures on the He line intensity at different dis-
tances in the plasma plume and increasing delay times.

3.6. Applicability of calibration-free LIBS

One possibility to determine the quantitative He content by LIBS is
by the application of the calibration-free LIBS (CF-LIBS) method
[41,42]. CF-LIBS gives reliable results when certain conditions of the
plasma plume are fulfilled: (1) stoichiometric ablation to ensure that the
plasma composition is representative of the target composition; (2)
plasma is in Local Thermodynamic Equilibrium (LTE) in the temporal
and spatial observation window; (3) the plasma is a spatially homoge-
neous source; (4) the spectral lines used in the calculation are optically
thin. The registered intensities of the spectral lines I/, are related to the
population of the excited level Ny = N;grexp( —Ex/kgT)/U*(T) of the
specimen s according to formula:

I = FNkAy; = FNygiAii/ Aaexp( — Ex /ksT) /U*(T) €))
where F accounts for the fraction of photons recorded by the detection
system, N is the total number density of species s in the plasma,y; is the
wavelength of the line, Ay; is the transition probability for transitions
from excited level k to a lower level i,g is the statistical weight and E
the excitation energy of the excited level k, kg the Boltzmann constant, T
the temperature in K, and U°(T) is the internal partition function of
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Fig. 9. (a) Intensity of the He 587.56 nm line, (b) wavelength of the line maximum and (c¢) FWHM value of Lorentzian profile of the He 587.56 nm line as a function

of the Ar pressure.
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species s at temperature T. The equation can be rewritten as:

In (I} /8Axi) = — Ex/ksT + In(FN,/U°(T)) 2

The values of In (I, Ax;/gkAxi) corresponding to different lines of the same
element at a certain ionized state can be plotted as a function of E in the
Boltzmann plots. In the case of LTE, the dependence is linear with the
slope of the linear fitting, giving the temperature of the LIBS plasma
while the intercept is related to the concentration of species. When the
Boltzmann plots are available for each element, it is possible to calculate
their relative concentration in the studied sample. When the lines of
certain elements are missing, the ratios of the identified species can be
calculated from the intercepts of Boltzmann plots or, alternatively, from
the ratios of single line intensities of the respective species according to
Eq. (1) by using the temperature determined from the Boltzmann plot.

In the present study, there were only a few clearly detectable Be lines
and the construction of the Boltzmann plot from Be lines was not
feasible. Therefore, the intensities of Ar II lines in the wavelength range
of 415-455 nm (namely 422.82 nm, 426.65 nm, 427.75 nm, 440.10 nm,
448.18 nm and 454.51 nm) were used to construct the Boltzmann plot.
For improved signal strength, the intensities were further averaged over
the shots of 2-21 where the Ar intensity remained nearly the same. The
temperature determined from the Boltzmann plot of these Ar II lines was
approximately 1.7 + 0.2 eV (Fig. 10). This temperature also complies
with the temperature evaluated from the shift of the He 587.56 nm line
as described in sub-chapter 3.3. Similar temperatures obtained from the
Boltzmann plot of Ar II lines were also observed in our previous paper
[21] at similar experimental conditions and for a similar sample of
BeD10Ne5.

The temperature determined from Ar II lines was used to calculate
the He/Be concentration ratio from the ratio of He 587.56 nm and Be II
467.33 nm line intensities. The intensity ratio was 0.035 and the cor-
responding ratio of He neutrals and Be ions was 1.8. The ratio of ions and
neutrals can be calculated by the Saha equation,

nen _ (2amekyT)*? 2UN(T) g
g h? ur)

3

where n, and m, are electron density and mass, h is Planck constant and
other variables have been defined previously. The calculated ratio of the
Be ion and neutral number densities n! and n! was approximately 300
when using an electron density 1017 cm ™3 determined from the FWHM
value of He 587.56 nm line. This means that practically all Be was in an
ionized state. However, a considerable amount of Be atoms are already
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Fig. 10. Boltzmann plot with Ar II lines in the wavelength range of 415-455

nm. The line intensities were determined at 2 mbar (at 6 mm distance from the
sample). The used intensities were average of laser shots 2-21.
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doubly ionized with the ratio of approximately 2. Therefore, it could be
assumed that Be II ion concentration is about one third of the total Be
concentration. The estimated He/Be ratio of 0.6 was more than an order
of magnitude higher than the ratio determined by ToF-ERDA.

The large discrepancy suggests that the conditions for CF-LIBS were
not fulfilled. The McWhirter criterium for the electron density is
expressed as n, > 1.6 x 10'2TY/2(AE)® where the electron density is in
the units of cm ™3, T is the temperature in the units of K and E is largest
energy difference between the excited levels, usually in ground state and
lowest lying excited state, in the units of eV. The excitation energy of the
lowest lying He metastable level is 19.8 eV and the electron densities
required to fulfill the McWhirter criterion are approximately 1.7 x 108
em ™3 [43]. The experimentally determined electron density 10'7 em ™3
at 2 mbar Ar pressure is an order of magnitude lower and therefore the
LTE could not be achieved in the laser generated plasma plume con-
taining He. The McWhirter criterion could be fulfilled at higher pres-
sures as shown in chapter 3.5 but at these conditions, the determination
of the line intensity becomes very complicated due to the large broad-
ening of the He line.

As a comparison, the McWhirther criterion for hydrogen isotopes is
fulfilled at electron densities above 2 x 10'” cm™2 for our estimated
electron temperature T, and therefore the McWhirther criterion is more
easily met for hydrogen isotopes. The fulfillment of another LTE con-
dition, that the relaxation time should be faster than the decay time, is
also more complicated to achieve in the case of He [43]. This is one
possible explanation why the CF-LIBS method has been successfully
applied for D concentration measurement in Be containing coatings
[19,20] but appears to be less successful for He concentration
measurement.

4. Conclusions

The present study investigated the usability of the LIBS method for
the detection of He impurities retained in Be coatings simulating the co-
deposits on the divertor plasma facing components of JET. According to
the results of current measurements, 2.8 at. % of He in the Be coating is
distinctly detectable at suitable LIBS conditions. The detection limit of
He in such deposits should be approximately an order of magnitude
smaller and therefore below 0.7 at. %.

He determination was successful only at lower pressures. The He line
intensity increased at increasing pressures, but the simultaneous in-
crease of electron density in the plasma plume caused considerable
broadening of the He line and an increase of the background intensity
and noise around the He line. As a result, at 40 mbar Ar pressure, the
broad He line was barely distinguishable from the background. The ef-
fect of broadening caused at higher pressures becomes more severe in
the case of He when compared to hydrogen isotopes. Higher excitation
energy of He levels requires higher plasma temperatures and plasma
densities to obtain sufficiently strong He lines and the broadening of the
He line is therefore more important. Furthermore, the broadening of He
lines is linearly dependent on the electron density while the broadening
of hydrogen lines is a sublinear function. The electron densities depend
on the spatial position in the plasma plume and on the delay times and it
is necessary to conduct more studies to find the optimal conditions for
the detection of Helium at higher pressures.

The application of the CF-LIBS procedure to the experimental data
measured at low pressure conditions resulted in the overestimation of
the He/Be ratio by more than an order of magnitude. In the case of He,
the LTE conditions required for the application of CF-LIBS are harder to
achieve when compared to hydrogen isotopes. However, the deviation
from LTE is favorable for He detection because the signal would be too
weak at low He concentrations when LTE conditions are met. The
quantitative determination of He concentration by CF-LIBS requires
more studies at different gas atmosphere pressures to further optimize
the spatio-temporal window of LIBS plasma-plume development where
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the LTE conditions can be met.
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