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ABSTRACT

Controlling plasma fuel retained in the plasma facing components of the first wall of a fusion reactor is one of the most important challenges
influencing safe operation of the International Thermonuclear Experimental Reactor in the first place. This issue is proposed to be addressed
by the laser-induced breakdown spectroscopy (LIBS) diagnostics, which is particularly powerful in studying the near-surface deposits and
analyzing their composition. The main goal of the present study is determining the depth profiles of different elements in beryllium-based
materials and the possible co-deposited layers that are formed on the walls of the Joint European Torus (JET) fusion device. Depth profiles
estimated by LIBS are compared with those measured by secondary ion mass spectrometry, furthermore, the differences are discussed. In par-
ticular, the evolution of spectral lines of Be, as well as the main gaseous elements, such as Ne, N, O, and D, incorporated into the samples
were extracted at different depths in the layers. LIBS diagnostics allowed making a fairly accurate analysis of the detected spectral lines of the
elements on the samples. The effect of variations of the ablation rate and uncertainty that it introduces in LIBS measurements was also dis-
cussed. This investigation will have a significant impact on the development of pre-processing algorithms for machine learning models in
terms of adaptation models operating on synthetic data for processing experimental spectra and is important from a point of view of LIBS
tests being under preparation at JET.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205561

I. INTRODUCTION

Determining fuel retention and impurity contents of layers
deposited in different areas of fusion reactors are necessary for both

Be-containing co-deposits with the plasma fuel can lead to unsafe
operating conditions, particularly due to the increased retention of
radioactive tritium.” To maintain reactor purity and achieve optimal

€6'¥1:80 G20Z dunr ¥

safety and operational reasons. The beryllium main wall in the Joint
European Torus (JET) fusion reactor helps to reduce the radiation
losses from the plasma and acts as an oxygen impurities getter."”
Nevertheless, during fusion reactor experiments, the buildup of

performance, stringent control over the location, composition, and
thickness of deposited layers is essential.”

In laser-induced breakdown spectroscopy (LIBS), a laser pulse
ablates material from a surface, creating a plasma plume. The spectral

Phys. Plasmas 31, 063501 (2024); doi: 10.1063/5.0205561
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analysis of the optical emission from the plasma plume provides valu-
able information on the composition of the surface layers. By sequen-
tially ablating and analyzing the surface, LIBS enables depth-resolved
studies of the material with a resolution of a few tens up to several hun-
dreds of nanometers, depending primarily on not only the laser fluence
but also on the material properties and the structure of the layers.’

LIBS is one of the few in situ methods available for such depth pro-
file investigations for fusion related samples. Moreover, LIBS together
with a calibration free (CF) approach can provide depth profiling
together with quantitative elemental composition analysis,” LIBS can
be applied on a remote handling system to identify the location of co-
deposits in the vacuum chamber as well as fuel retention content, which
is required for nuclear safety and the estimation of the tritium inventory.
Moreover, the effectiveness of fuel removal activities can be assessed by
the LIBS system by application after wall cleaning. The quantification of
fuel release from W, Be, and their deposits and the technological aspects
of a remote handling application inside a vessel with tungsten first wall
and neutrons are the main directions of LIBS applications.”

One of the disadvantages of LIBS methods is the matrix effect
which means that the intensity of the LIBS signal depends on the
chemical and mechanical properties of the investigated material. The
laser ablation rate is also sensitive to the matrix effect and, therefore,
the applied LIBS shot numbers are not directly related to the thickness
of the ablated material. The ablation of material also means that LIBS
is a destructive method even though the impact remains local. There
are also other analysis methods that are suitable for the composition
and hydrogen isotope retention measurements, such as secondary ion
mass spectrometry (SIMS), proton induced x-ray emission (PIXE),
nuclear reaction analysis (NRA), and time-of-flight elastic recoil detec-
tion analysis (ToF-ERDA)."" SIMS has better depth resolution and is
less sensitive to matrix effects when compared to LIBS, but it is a semi-
quantitative method,””'> ' and destructive, similar to LIBS. PIXE
allows precise quantification of elemental concentrations and is nonde-
structive but is only useful for elements heavier than sodium,'"'+1°
NRA is a nondestructive method that has high sensitivity for isotopes,
such as deuterium, and it can give both depth distribution and total
retention' """ in a few micrometers thick layer; however, recon-
structing accurate depth profiles is challenging. ToF-ERDA is nonde-
structive and useful for quantitative depth profiling of all isotopes but
is limited to thicknesses below one micrometer,''” However, these
methods are not suitable for in situ studies.

In the present study, LIBS was applied to a number of reference
samples with different compositions imitating/resembling co-deposits
with hydrogen isotopes, He ash, and seeding gases, Ne or N. Such coat-
ings are relevant for upcoming test experiments at JET and advanta-
geous from the point of view of the development machine learning
(ML) algorithms for LIBS. The ML algorithm,”’ especially the deep
neural networks foreseen for this investigation trained on a consider-
able amount of experimental data, will be capable of providing com-
pensation for numerous effects affecting the accuracy of CF-LIBS, such
as operation conditions, sample porosity changing the ablation rate,
and hence the evaluation of the critical plasma parameters like the
electron temperature Te.

Il. EXPERIMENTAL SETUP, DIAGNOSTICS, AND
SAMPLES

The studies were carried out using the experimental setup for
LIBS studies of beryllium-containing samples located in VTT

ARTICLE pubs.aip.org/aip/pop

(Technical Research Center of Finland Ltd.),”" the scheme is presented
in Fig. 1.

A pulsed Nd:YAG laser (Brilliant B, Quantel, 1064 nm, 5 ns)
coupled with an Andor SR-750 spectrometer equipped with an
Andor iStar 340T ICCD camera was used as the LIBS diagnostics.
Plasma emission was collected perpendicularly to the laser beam
using an off-axis parabolic mirror and guided to a fiber bundle that
was connected to the entrance slit of the spectrometer. For good
depth profiling, the fluence of the laser beam at the target surface
of ~4.5J/cm? was used. The size (FWHM) of the focused laser spot
is approximately 1.2 mm. The emission was collected from a dis-
tance of 3, 6, or 11 mm from the target surface. The size of the
plume region collected by the spectrometer was 2.5-3 mm in diam-
eter. The resolution of the spectrometer lies in the frame of 0.01-
0.03nm depending on the wavelength range. The delay time
between the laser shot and the collection of spectra by the ICCD
camera and the gate width of the camera were set to 200 ns, but for
the 656 nm spectral window, the delay and gate width of 4 us were
for a clearer distinction between isotopes.

The vacuum chamber was filled with Ar gas. In the current
research, the data with pressure of 2 mbar were analyzed. The depth
profiles for each measurement spot were reconstructed from a kinetic
series of 100 laser shots. More details about experimental conditions
are described in Ref. 22.

The samples were produced with beryllium coatings, containing D,
He, Ne, and N impurities with different concentrations that were depos-
ited onto the W substrate. Those elements will be among the main ones
to occur in deposited layers on the wall structures of fusion reactors,
since D is used for fuel, He is the product of fusion reactions, N and Ne
are typical seeding impurities into the edge plasma. All details about
their production are presented in Ref. 18. The sample composition was
determined by TOF-ERDA and sample thickness by SIMS method.

Figure 2 shows an example of one of the samples together with
LIBS craters.

Vacuum system

i
I

Off-axis y
BBl it b bund]
mirror plca re re pundie i eigar

to spectrometer

FIG. 1. The scheme of the experimental setup with LIBS diagnostics.* Reproduced
with permission from Karhunen et al., “Applicability of LIBS for in situ monitoring of
deposition and retention on the ITER-like wall of JET — Comparison to SIMS,” J. Nucl.
Mater. 463, 931-935 (2015). Copyright 2015 Elsevier. Reproduced with permission.
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FIG. 2. The photo of sample Be90%D5%He5% with LIBS craters. Craters signed
by red will be analyzed in Sec. Il B.

The present work shows the results and analysis of the experi-
ments performed with samples with various nominal gas-beryllium
ratio content that are presented in Table I.

It should be noted that Ne spectral lines were not detected in the
spectra, probably due to its small concentration and/or because of its
high excitation energy. At the same time, D and He spectral lines were
registered and studied in detail. Additional information related to the
gas content of the samples, particularly on the Ho/Do line was col-
lected and carefully analyzed by coauthors and published in Ref. 22,
whereas the studies of the He line were published separately.”

Il. RESULTS AND DISCUSSION

A. LIBS depth profiles of chemical components
for different types of samples

Examples of the spectra that were recorded during LIBS measure-
ments of different Be-containing samples are shown in Fig. 3. The data
are taken after 1, 5, 10, and 20 laser shots, to track the dynamics of the
spectral line intensities for two chosen samples in different wavelength
ranges.

The depth profiles of individual elements were extracted as a
function of the number of laser pulses incident on the sample.

In Fig. 4, the depth profiles of the spectral lines of Be, W, Ar, and
H,/D, are presented for the above-mentioned samples, where the
depth profile of the same elemental lines is noticeably different
between the samples. At the same time, it should be noted that differ-
ent lines within the same sample correlated with each other. Moreover,
the lines were taken from different craters, and in general, show similar
behavior for the same sample. The lines were normalized to their max-
imum intensity in the series of the applied laser pulses and smoothed
for tracking of their behavior and easy comparison.

In the sample 2, Be92,5%D5%He2,5% (Fig. 4), Be is present for
the first 9-10 pulses, whereas the depth profiles for the H,/D, line
show narrower peaks indicating that hydrogenic isotopes are accumu-
lated close to the surface or are desorbed from deeper layers by means
of the heat transport. During the laser pulses, the intensity of the W
line grows up to the 10th shot, indicating that the substrate was
reached at this depth.

In sample 4, Be85%D10%Ne5%, the Be I and II intensity drops
after 20-25 shots, and, respectively, the W lines’ intensity starts to
grow approximately from this depth.

To estimate the LIBS ablation rate of the Be layer, we assumed
that the intersection of the Be and W intensity profiles (in terms of the

ARTICLE
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TABLE I. Title and the chemical composition of the investigated samples.

TOF-ERDA (at. %)

Sample Title of

number sample Be D (@) He Ne
1 Be95%D5% 93  2-3 14 .-

2 Be92,5%D5%He2,5% 95 ~1 1 0.5

3 Be90%D5%He5% 89 ~4 1 3 e
4 Be85%D10%Ne5% 88 59 14 <1

number of laser pulses) corresponded to the interface between the Be
layer and the underlying substrate.

The vertical dotted lines in Fig. 4 indicate the approximate depth
of the interface between the Be layer and the W bulk material. The
thickness of the top Be layer determined by profilometry of SIMS cra-
ters is also shown on the bottom axis.

The substantial variation in the shape of depth profiles suggests a
fluctuation in the ablation rate, i.e., the amount of material removed
from the surface by irradiating it with a laser beam per shot may
change in dependence of the layer material. The layers having the
same thickness can show different ablation rates, and D inclusion typi-
cally makes the deposited layers softer.” It is worth noting that these
findings may have implications for machine learning algorithms being
under development, since all the uncertainties in the profiles must be
taken into account when data are processed for training and/or validat-
ing the models.
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FIG. 3. Spectra detected with sample Be92,5%D5%He2,5% (a) 380402 nm; (b)
455-481 nm.
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The ablation rate was calculated by dividing the thickness of the evaluating ablation rates are summarized in Table II. As can be seen,
sample, measured by profilometry of SIMS craters, by the number of ~  the ablation rate has a strong fluctuation between the different samples,
laser pulses required to reach the Be and W interfaces (shown by verti- which indicates differences between the properties of the coatings. The
cal lines) that were taken from Fig. 4. All the necessary parameters for ablation rates that were obtained are averaged over the laser shots

required to reach the interface, but even then, it shows remarkable dif-
Sample 1: Be95%D5% ferences in the values. The effect of the properties of the Be coatings on
Lo : Be | (386.5 nm) the ablation rates should be investigated further.

W 1 (400.9 nm) It is worth mentioning that additional craters and their corre-
::’{F& gfg ':r:)m) sponding spectral lines were also investigated. While minor deviations

were observed, these differences exerted minimal influence on the
overall trend of the depth profiles.

5
@

Counts [a.u.]
o
o

o
IS

B. Influence of the crater position on Be line profiles

02 : on the sample (Be90%D5%He5%)

_10umbe As an exception, there were a few craters in which the behavior of

¢ 10 .. 40 20 B0 the depth profiles of some spectral lines was significantly different.
Sample 2: Be92.5%D5%He2.5% Such craters were omitted when studying depth profiles shown in
= Fig. 3, since the reasons for the differences should be studied more

1.0 v e Be 1(386.5 nm) full

1 B N W 1 (400.9 nm) caretuly. . .

08 . T — Ho/Da (656.1 nm) For this purpose, a map of the behavior of the beryllium depth
- N ArldsLonm) profiles was constructed for one of the samples in order to clarify the
Z06 TN 7 issue of the uniformity of this coating over the entire surface of the
2 sample. Figure 5(a) shows the number of craters that were available
50_4 and chosen for this study and the photo of the sample with corre-

sponding craters. The typical behavior for Be lines, which was observed

0.2- in most cases, is tracked in craters 6 and 7, and in craters 15 and 17,
5 um Be '1 the other atypical behavior for the current experiments is seen in
0 10 20 30 40 50 60 Fig. 5(b). Be and W depth profiles for craters 6, 7 and 15, 17 are added

Shot number
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below.
. 0, V) 0,

Sample 3: Be90%D5 .A>He5 il Relatively high variations in the depth profiles of the craters may
e : /N~ Bel(3865mm) suggest variation in the Be coating thickness, and thus, possible imper-
il A~ N\ T :Vul/é?fe'z G"T:’m) fections of the produced samples. However, the influence of other fac-

_ ’ A (46L0nm) tors, such as observation parameters, cannot be excluded—the optical

306 i emission was collected closer to the target surface (3 mm) for craters

E 15-17 when compared to the craters 6-7 (6 mm). The variation of

504 depth profiles corresponding to different craters was much smaller for

7 W or Ar lines. This suggests that the LIBS depth profiles are also influ-
02 enced by the collection distance.

001 SumBe The line of sight for recording the spectra was parallel to the sam-
"o 10 20 30 40 50 60 ple surface.
Shot number To investigate the actual reason for this discrepancy, additional

Sample 4: Be85%D10%Ne5% material research methods should be employed together with the influ-
1.0 : — Bel(386.5 nm) ence of the contents of seeding gases, which has been preliminary

: AN AN W I (400.9 nm) addressed in Ref. 22.
0.8 v \_—— Ha/Da (656.1 nm)

3, i UL TABLE Il Ablation rate calculation.

‘§ 0.l SIMS Edge of  Ablation

S Sample Title of thickness  coating rate
0.2 number sample (um) (shot)  (um/shot)
aili /9 um Be ! 1 Be95%D5% ~10 10 1

0 10 20 30 40 50 60 2 Be92,5%D5%He2,5% ~5 8 0.63
Shot number
3 Be90%D5%He5% ~5 19 0.26

FIG. 4. LIBS depth profiles of chemical components for samples with different seed 4 Be85%D10%Ne5% ~9 23 0.39

gas (D, He, and Ne) concentrations.
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FIG. 5. (a) Map of the sample with crater numbers, corresponding to the photo (Fig. 2) and (b) depth profiles reconstructed from Be spectral lines in corresponding craters.

IV. CONCLUSIONS

The behavior of spectral lines of the components (including
impurities) of JET relevant samples has been analyzed, and depth pro-
files are obtained.

Since the difference in coating thickness or ablation rate is visible
even on the same target, it is rather difficult to draw conclusions on the
effect of different Be or impurity concentrations on fuel retention
obtained from other samples, which would be possible if the precision of
sample production was higher. Nevertheless, LIBS diagnostics led to a
fairly accurate analysis of the behavior of the detected spectral lines of
the elements in the samples. However, the effect of variations in the abla-
tion rate and the uncertainty that it introduces in LIBS measurements,
which must be taken into account, should not be underestimated.

Investigation of depth profiles and their comparison with SIMS
measurements will have a significant impact on the development of
pre-processing algorithms for machine learning models in terms of
adaptation models operating on synthetic data for processing experi-
mental spectra. The reason for this is that pre-processing should take
into account the impact of the measurement system properties on
the measured spectra so that ML models operate on datasets with
comparable statistical features. Moreover, one needs data with reli-
able information on chemical composition to validate the models,
and the result of the validation is essential for the performance
assessment. After pre-processing, data will be used for training ML
models based on ANN, which will be the next step of work at the
IPPLM.
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