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LIST OF ABBREVIATIONS,

NOTATIONS AND ACRONYMS
Ar argon
AUG ASDEX Upgrade (tokamak)
Be beryllium
CF-LIBS calibration free laser-induced breakdown spectroscopy
D deuterium
E energy
At time-gate
D laser fluence
FWHM full width at half maximum
H hydrogen
He helium
1 intensity
ICCD intensified charge coupling device
IR infrared
ITER international thermonuclear experimental reactor (tokamak)
JET joint European torus (tokamak)
A wavelength
LIAS laser-induced ablation spectroscopy
LIBS laser-induced breakdown spectroscopy
LIDS laser-induced desorption spectroscopy
e electron density
Ne neon
NRA nuclear reaction analyzes
PIXE particle-induced X-ray emission
RBS Rutherford back-scattering
SEM scanning electron microscopy
SIMS secondary ion mass-spectroscopy
SNR signal-to-noise ratio
T tritium
T. electron temperature
Toe excitation temperature
ty delay time
uv ultraviolet
VIS visible (light)
W tungsten
XRD X-ray diffraction



INTRODUCTION

Compared to the traditional ways of energy production, the using of nuclear
fusion has several advantages [1]. ITER (International Thermonuclear Experi-
mental Reactor) is a step on the way of application of new energy source. The
first plasma in ITER is planned in 2020. A number of physical and engineering
problems for ITER are solved, but there are still essential topics that need
further study. Among these issues are the life-time of plasma-facing compo-
nents and the fuel retention in reactor walls [2]. Post-mortem methods are not
suitable for wall monitoring: only the cumulative effect of the plasma pulses
could be measured, while ITER will reach in one pulse a particle fluence to the
wall comparable to that of present large devices within about one operational
year [2].

Laser based techniques are promising candidates for in-sifu wall characteri-
zation. Laser based techniques such as laser-induced breakdown spectroscopy
(LIBS), laser-induced desorption spectroscopy (LIDS) and laser-induced abla-
tion spectroscopy (LIAS) need only optical access to the components tested.

Nevertheless, ITER relevant materials such as tungsten (W), are not well
studied from the viewpoint of LIBS analysis. Before applying quantitative LIBS
in real tokamak environment, properties such as ablation rate, self-absorption of
the spectral lines etc. have to be carefully studied. Besides, a reliable detection
of hydrogen isotopes and estimation of their concentrations needs further study.

The main goal of this study is to clarify the main regularities needed to apply
LIBS as a quantitative in-situ tool for monitoring W-containing layers erosion
in ITER and at least for qualitative fuel retention (deuterium) measurements. To
obtain results applicable in ITER, the relation between the tungsten surface
structures caused by ITER-relevant plasma fluxes and LIBS spectra characte-
ristics is studied. To reach the main goal, a number of sub goals are set. Most
important of these are the following: study of the tungsten laser-induced plasma
dynamics; selection of tungsten spectral lines suitable for tungsten analyzes;
detection of deuterium from tungsten samples; investigating the effect of the
sample surface morphology to the LIBS spectra; installing in-sifu LIBS system
for linear plasma devices and carrying out material erosion and deuterium reten-
tion measurements.

In the first part of this work literature-based overview of the problems
related to applying LIBS for tokamak diagnostics is given. Second part descri-
bes the experimental setup, linear plasma devices, post-mortem characterization
techniques and the samples used in the experiments. Third part is dedicated to
the experimental results. Four journal papers [I[-[IV] are included in this work.
From the results described in these papers, in the main part of the thesis only the
most important results are given, while unpublished results are described in
detail. Author’s other related publications are [a]-[e]. In the fourth part results
are concluded and the open problems and further perspectives are shortly
discussed.
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CHAPTER 1: THEORETICAL BACKGROUND

1.1. Laser-induced breakdown spectroscopy (LIBS)

1.1.1. The main idea

In this paragraph the basic principle of LIBS is presented. The description is
mainly based on [3]. A pulsed laser beam is focused onto the surface of a sub-
stance to be analyzed (Figure 1.1). Radiation energy is locally coupled into the
material and the material starts to evaporate. Due to this a crater is formed. The
mass of the evaporated material is usually in the range of micrograms. Within
this material and the surrounding gas atmosphere (if present) a plasma is
generated. The plasma decays and emits element-specific radiation. This emis-
sion is resolved spectrally and is detected by a spectrometer. [3]

LASER BEAM

CRATER

Figure 1.1 Main idea of the LIBS method. Laser beam focused on the target evaporates
small part of it and generates plasma (P), a crater is formed.

The life-time of the plasma depends on the laser beam parameters chosen, the
conditions of the surrounding gas atmosphere and the substance to be analyzed.
Typically, it is in the range of 0.5-10 ps. In vacuum the plasma life-time is
usually up to 1 ps. During the life-time of the plasma the emission spectrum
changes (Figure 1.2). Shortly after the laser pulse the plasma emits predomi-
nately a continuous spectrum, caused by the free-free transitions of electrons
(bremsstrahlung) (Figure 1.2a). Only small peaks of the spectral lines of atoms
and ions are visible. Afterwards plasma cools down and the intensity of the line
emission, as well as the ratio peak intensity to continuous background, increases
significantly (Figure 1.2b). In the end of the plasma life-time the temperature
decreases further and the emission intensities decrease (Figure 1.2c). Thus,
intensity at given wavelength is a function of time /(4, 7).[3]
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Figure 1.2 Development of a LIBS spectrum as a function of time: a) continuum
radiation dominating b) atomic lines dominating c) atomic lines diminishing

1.1.2. Dynamics of the laser-induced plasma

For LIBS of solid samples, the laser radiation evaporates the material and exci-
tes spontaneous emission of the material species [4].

LIBS plasma dynamics depends on various parameters, most important are:
1. Laser pulse parameters (wavelength 4, duration z, energy E, fluence @)
2. Target composition
3. Ambient pressure and gas composition
The following description of the plasma plume development is mainly based on
[4]. After the laser pulse, the induced plasma will continue to expand into the
ambient space. The electron density and temperature of the plasma changes as
the plasma expands. Plasma expansion depends on the amount and properties of
the ablated mass, the energy coupled into the mass, the spot size of the laser
beam, and the environment.

Hot electrons, atomic and ionic mass leave the sample surface. The expan-
sion of the evaporated material into vacuum can be described by the Euler
equations of hydrodynamics [5].
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In vacuum, the laser induced plasma plume expands adiabatically. The
expansion speed can be expressed by

_ [4y+10 E
b= [T (1.1)

Where v, is the velocity, y is the specific heat ratio, £ is the energy supporting
the expansion and M,, is the total vaporized sample mass within the plume.
When ablation occurs into a gas (or liquid) environment, the ejected mass
compresses the surrounding media and produces shockwave. The plasma is a
mixture of atoms and ions, and mass from both the ablated target material and
the ambient gas. The interaction between the plume and surrounding media
slows the expansion of the plasma. The temperature will be higher than that for
free expansion. Temperature and number density of ablated mass depend on the
properties of the surrounding media.

After the shockwave formation its expansion distance can be described by
Sedov’s theory [6]. The expansion distance H, can be calculated as function of
time:

Eo)l/(2+d) £2/(2+d) (12)

= AO (Pl
Where the parameter d is the dimensionality of the propagation (for spherical
propagation d=3, for cylindrical d=2 and for planar d=1), 4, is a dimensionless
constant, E, energy per area (planar), energy per length (cylindrical) or energy
(spherical). The dimensionality of expansion can be determined by fitting the
experimental data with equation (H).

Once the plume pressure equalizes to the pressure of the surrounding media
the expansion stops. The stopping time is in the range of microseconds. The
final distance determines the volume of the plume. LIBS performance depends
on the electron density and temperature of the plasma, which strongly depends
on the plume volume. [4]

Due to the transient nature of the laser-induced plasma, the following
temporal parameters are crucial for LIBS experiments (Figure 1.3):

(a) Delay time (¢;) — the time between the laser pulse and the beginning of
the light recording.

(b) Recording time-gate (4f) — the time interval during that the spectro-
meter or the camera is recording.

13



Laser pulse

Time

Delay time (t,) Time-gate (At)

Figure 1.3 Temporal parameters in LIBS experiments

1.1.3. Basic processing of the LIBS spectra

The output of a LIBS measurement is a spectrum where the intensity is repre-
sented as a function of the wavelength 1. In most cases relative intensity is mea-
sured. In this work the relative intensity calibration is carried out in the means
of photon number (counts) not in the energetic units.

From the recorded spectra several measurands are calculated and used as in-
put for the data processing.

(a) Background intensity (/z(4)) is the spectral intensity caused by the conti-
nuous background at the given wavelength.

(b) Intensity of a spectral line (/;) with the central wavelength 4. and FWHM
A4 is calculated as

Ac+AA

he—an lc(DdA. (1.3)

Il =
Here 1. is the background corrected intensity that is calculated as

1) = 1) — Iz (D). (1.4)
In real experiments the wavelength scale is discrete and the integration is
replaced by summation.

(c) Total intensity (/;) is calculated as the integral over the measured spectral
range (from ,,;, t0 A,4y) as

I = j;j:f 1()dA. (1.5)

Both the background intensity and the line intensities are taken into account.
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In some cases, it is possible to increase the signal-to-noise ratio (SNR) by fitting
the experimental data with analytical curves (usually the emission lines are
fitted with Lorentzian, Gaussian or Voigt profiles).

1.1.4. Data processing: elemental depth profiles and averaging

In general case, the samples have elemental composition gradients along the
surface and also perpendicular to that. Meanwhile spatially resolved measure-
ments along the surface are done by moving the sample or scanning the laser
beam, the measurements of elemental distribution perpendicular to the surface
needs more complicated approach [3]. For this purpose elemental depth profiles
are calculated by recording the spectrum as a function of the laser shot number.
In addition, the ablation rate (thickness of the ablated layer per laser pulse) has
to be known. For example, elemental depth profiles are applied to study erosion
and deposition effects. In the ideal case elemental depth-profiles describe the
relative concentration of the species in the sample as a function of depth. To
establish this several methods are applied.

To increase the SNR, averaging algorithms are used. Generally, the sample
composition for every laser shot is different and therefore simple averaging is
not applicable. In case of multiline averaging [7] a number of spectral lines
belonging to selected species are averaged. Weighted average could be applied,
giving larger weights to more reliable spectral lines. If the sample composition
along its surface is more-or-less homogeneous, multisite averaging [8] could be
applied. Spectra from different craters are averaged to increase the SNR. Mean-
while the laser fluence could be kept low, providing good depth resolution. In
case of thick coatings “moving average” could be applied [9].

Intensities found from the spectra are converted in most cases to relative
concentrations of the species present in the sample. This could be done by
calibration curves or calibration free LIBS (CF-LIBS) approach (see 1.1.5—
1.1.7). In some cases absolute concentrations of species are estimated [10].

To receive elemental depth profiles the laser shot number is converted to
depth. For that the ablation rate has to be known. In the simplest case the
ablation rate is assumed to be constant. This is usually true for the bulk samples
with small amount of trace elements. In more complicated cases the ablation
rate is varying due to the change of the sample composition and structure. To
take this into account, the ablation rate has to be calculated as a function of
sample composition and properties. These properties have to be known from
LIBS or other measurements.

An alternative approach for calculating depth profiles for thick coatings is
presented in [11]. This algorithm is based on the statistical correlation of the
spectra and needs no prior knowledge of spectral lines etc. Nevertheless, for this
approach some calibration points are needed.

An algorithm suitable for calculating depth profiles and decreasing fluc-
tuations in case of thin layers or high ablation is introduced in [II]. This
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algorithm does not assume knowledge about the plasma parameters. In addition,
the LTE is not assumed. Nevertheless, the concentration proportionality to the
line intensity, thus negligible self-absorption is still assumed. Global and local
normalization are introduced to reduce the experimental shot-to-shot fluctua-
tions. Due to this the algorithm is suitable for analyzing thin layers where other
averaging methods (for example moving average and multisite averaging) are
not applicable.

1.1.5. Calibration free LIBS (CF-LIBS): idea and requirements

To gain quantitative results from LIBS there are two main approaches. In case
of samples with properties within known limits a prior calibration could be car-
ried out. This is a common practice in metallurgy [3], food analyzing and geo-
logy [12]. In some cases this kind of prior calibration is not possible. For these
cases CF-LIBS approach could be applied. CF-LIBS is a method to calculate
from the LIBS spectra the relative elemental composition of the sample without
prior knowledge of the sample composition.
Assumptions made in CF-LIBS approach [13]:
1) The plasma composition is representative of the unperturbed target com-
position.
2) The plasma is in local thermodynamic equilibrium (LTE) in the temporal
and spatial observation window. (see 1.1.7)
3) The plasma can be modeled as a spatially homogeneous source.
4) The spectral lines included in the calculation are optically thin (see 3.1.2).

1.1.6. Boltzmann diagrams

In LTE, excited levels are populated according to the Boltzmann distribution
and ionization states are populated according to the Saha-Boltzmann equilib-
rium equation. The graphical representation of a group of spectral lines in a
Boltzmann plane is commonly used to determine the plasma temperature
(Boltzmann diagrams). Each spectral line is represented as a point in the plane
where the x coordinate corresponds to the energy of the upper level of the tran-
sition and the y coordinate to the logarithm of the line intensity divided by the
transition probability and degeneracy. The plasma temperature is obtained by
linear regression of the points representing lines of the same species, namely by
taking the reciprocal of the slope. This is well known approach to determine
excitation temperature 7,,. from the spectral lines intensity. The novelty of CF-
LIBS is in the use of the second linear regression parameter, the intercept value,
which is a function of the atomic density of the individual species in the plasma:

qs = log (Ui?;)) (1.6)
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Where the Uy(T) is the value of partition function of the species s at the tempe-
rature 7 and F is unknown parameter which accounts for the absolute efficiency
of the detection system. The atomic density of each species can be thus derived
by inversion of Equation 1.6. [13]

1.1.7. Local thermodynamic equilibrium (LTE)

The following analyze of the LTE is based on [14]. LTE is a necessary require-
ment for applying calibration-free LIBS (CF-LIBS) approach (see 1.1.5). In
laser-induced plasmas, as well as in most laboratory plasmas, the radiative ener-
gy is decoupled from the other forms of energy, since radiative equilibrium
requires the plasma to be optically thick at all frequencies (black body). When
photons escape from the plasma, their energy distribution deviates from the
Planck function and this inevitably affects also the balances involving electrons,
atoms and ions. However, if the energy lost by radiation is smaller than that
involved in the other processes involving material species, the Saha-Boltzmann
and Maxwell distributions are still a valid description of the system and a new
equilibrium, LTE, is settled. In case of stationary and homogenous plasma LTE
conditions can be tested by following a criterion, which is usually referred to as
the McWhirter criterion. In a semi-classical treatment one possible form of the
McWhirter criterion is

ne(em™3) > 1.6 - 10'*VT(4E,,,,,)3 (1.7)

where the electron temperature 7" and the spectral transition energy AE,,, are
expressed in K and eV, respectively. n, is the electron density. In LIBS plasmas
the fulfillment of the McWhirter criterion cannot be sufficient for assessing the
validity of LTE [14]. Nevertheless, as the fulfillment of this criterion is relati-
vely easy to calculate from the experimental data, in number of works (for
example [15], [16], [17]) it is the main test for LTE.

In case of transient plasma in addition to the McWhirter criterion the rela-
xation time T, of the plasma (the time needed for the establishment of excita-
tion and ionization equilibria) is much shorter than the time of variation of
thermodynamic parameter. The following relations must hold:

T(t+tre)=T(t)

P« 1 (1.8)

Ne(t+Trel) —Ne(t)

e el « 1 (1.9)

In case of inhomogeneous plasma a third criterion must be satisfied. This crite-
rion requires that the diffusion length of atoms and ions during a time period of
the order of the relaxation time to the equilibrium is shorter than the variation
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length of temperature and electron number density. This condition at the posi-
tion x can be expressed as

T(x)-T(x+A)

o<1 (1.10)

Ne(x)—neg(x+A1)
Ty «1 (1.11)
Here A = m is the diffusion length during the relaxation time (D is the
diffusion coefficient). Detailed description of calculating Tyej, A and D are given
in [14].

In vacuum due to the fast expansion 7, is low, especially for short delay
times. Meanwhile the electron temperature 7, is high. Therefore, the fulfillment
of LTE is doubtful. [14]

On the other hand, for longer delay times the self-absorption for spectral
lines is usually stronger [18], therefore the applicability of CF-LIBS at low
pressure is problematic.

1.2. Plasma surface interaction (PSI)

1.2.1. General considerations

PSI has been a critical issue in tokamak design and an important research topic
from the introduction of the tokamak concept in 1950s [19], [20]. The pro-
perties of plasma facing components (PFC) will affect strongly the lifetime of
the reactor elements, tritium (T) inventory, plasma contamination and operation.
For a long time, carbon-fiber-compounds (CFC) were considered as a strong
candidate to become a material for PFC in ITER. Finally, it was discarded be-
cause its behavior under neutron irradiance (Table 1.1). After a long discussion
and research of different possibilities including experiments on Joint European
Torus (JET) [21], [22] it has been decided that tungsten (W) will be the material
for the divertor and beryllium (Be) for the first wall in ITER. The main
properties of W, Be and CFC are compared in Table 1.1.

PSI includes various chemical and physical processes like heat loads, ero-
sion, ablation, melting, implantation etc. The largest damage of reactor walls is
caused by plasma instabilities — edge localised modes (ELM). In this case the
heat load reaches 10 MWm™ order of magnitude [23].

From the viewpoint of safety one of the main concerns in the ITER design is
the T retention. There is a limit for the in-vessel mobilizable T inventory in
ITER. An allowable safety limit for the T inventory of 1 kg was imposed; the
eventual administrative limit (due to the uncertainty in measuring T amount)
will be 700 g [24]. To estimate the amount of T and deuterium (D) in the walls
an online technique is needed. Due to the radioactivity of T (B-decay, half-life
12.3 years) in this work D containing samples were tested.
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Table 1.1. Comparison of W, Be and CFC properties

W Be CFC
Atomic number Z 74 4 6
Maximal allowable concentration |20 ppm 3% 2%
Thermal conductivity [W/mK] 140 190 200-500
Melting point [C] 3410 1285 > 2200 (sublimation)
Thermal expansion [10° K] 4.5 11.5 0
Neutron radiation effect Activation |Swelling |Decrease in thermal
conductivity

1.2.2. Results of ITER-relevant materials studies

W is selected for the ITER divertor because of its very high melting point (3695 K)
and good thermal conductivity (173 W/(m-K)). Main drawbacks for the W are
the mechanical properties (brittleness, cracking) and high Z-number (74). Due
to the Z-number W impurities in the plasma cause radiation losses and the
maximum acceptable concentration of W particles is very low (approximately
20 ppm). In addition, W has poor mechanical properties: at temperatures below
600 °C W is brittle and might be not able to withstand thermal shocks etc.
Therefore, PSI study on W concentrates on its mechanical properties and ero-
sion under steady-state and pulsed (ELM) regime. [25]

W interaction with D and helium (He) plasma is studied in many works (for
example [26], [27]). These works show that even at ion energies clearly below
the sputtering threshold, noticeable modifications at W surface are observed.
These modifications enhance T, D retention and may decrease thermal conduc-
tivity. Also ELM simulations on W samples have been carried out with different
methods: laser pulses, electron beam and pulsed plasma sources [28], [29].

Although Be is selected as one of the main materials for ITER first wall [30],
the data of Be behavior under ITER-relevant plasma fluxes is limited. Infor-
mation about Be performing as a material for PFC is gained from JET campaign
with ITER-like wall (started in September 2011). These experiments show that
in W/Be device most of the long-term fuel retention is caused by co-deposited
Be and residual impurities [31]. Experiments on PISCES device show that there
are contradictions between the models and experimental results of Be erosion
study. The evolution of complicated surface morphology is seen to reduce the
erosion 2—3 times [32]. Computer code modeling has been also applied to study
Be erosion and redeposition in tokamak [33].

However, the usage of Be in laboratory experiments is limited by its toxicity.
In number of cases a proxy is needed for many experiments. Due to the simi-
larity of its electronegativity, Al can successfully resemble Be in terms of for-
mation of compounds especially the oxides and possibly the hydrides. The other
candidate magnesium is not suitable in the means of for a possible hydride
deposit formation. [34]
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1.2.3. LIBS as a method for monitoring PSI processes:
results, current problems and limitations

The development of LIBS for characterization of PFC of fusion reactors is
under study in numerous scientific laboratories. Many problems, met in appli-
cation of LIBS at fusion-related studies are characteristic to LIBS in general
(problems with SNR for single shot and remote recording, methods of quantita-
tive analysis etc. [35], [36]). At the same time LIBS for fusion and for PSI
studies in more general has its peculiarities [37]. The thermal and ablation pro-
perties of ITER-relevant materials (Be, W) differ considerably. Due to the
plasma action the surface morphology and phase structure of PFC changes
which could alter the ablation rate. /n-situ LIBS for first wall testing assumes
the measurements in vacuum. In vacuum the plasma plume expands rapidly and
compared with atmospheric pressure background, the charged particle con-
centrations and plasma temperature are considerably lower.

In addition to the general limitations there are problems related to specific
elements. In case of W there is a very limited number of spectral lines which
have acceptable values of SNR and small enough self-absorption [e]. In addi-
tion to that, numerous weak W lines give a remarkable contribution to the conti-
nuum background signal. In this work a study [I] is carried out to select the
most suitable W spectral lines for quantitative analyzes.

As mentioned above, in case of Be the biggest problem is the toxicity. Most
of LIBS groups tested samples where Al has been used as a proxy for Be. Most
consistent LIBS studies with Be-containing tokamak-relevant samples were
carried out in VTT, Finland [38], [a]. Elemental depth profiling of samples sur-
face, built on the basis of LIBS measurements, showed a qualitative matching
with results obtained by different surface characterization methods. It should be
emphasized that from the viewpoint of LIBS Al and Be spectra are remarkably
different and for the ITER application and selection of suitable spectral line set,
LIBS experiments on Be containing samples are necessary. Nevertheless, recent
experiments in VTT [39] have demonstrated that the ablation rate for Be/W and
Al/W samples are nearly the same. In the LIBS setup used in current work it is
not possible to handle samples containing Be. Therefore, Al as a proxy material
of Be is used.

The biggest problems in fuel retention studies are the recording system
sensitivity and the separation of H isotopes, the wavelengths for the Balmer a-
line for T, D and H are 656.04 nm, 656.10 nm and 656.28 nm, respectively.
These lines are strongly influenced by Stark broadening caused by high electron
density in LIBS plasma, especially in case of short delay times and high am-
bient pressure [40]. In addition to that a segregation of H isotopes in laser-
induced plasma plume might occur [41]. Plasma parameters and ionization
degree play an important role: ions of H isotopes do not radiate line emission. In
this work the main effort for this topic is developing methodology for D in-situ
detection from W samples.
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CHAPTER 2: EXPERIMENTAL

2.1. Setup

2.1.1. Domestic LIBS setup

A table-top LIBS setup was used to carry out post-mortem LIBS analyzes and
studies dedicated to the fundamental aspects of W laser induced plasma. Main
parts of the setup are the Nd:YAG laser, the vacuum chamber, and the spectro-
meters.

Most of the LIBS studies were made using pulsed (FWHM = 8 ns) Nd:YAG
laser Quantel YG981C at fundamental wavelength 1064 nm. Besides, the har-
monics at 532 nm and 266 nm were used. The maximum pulse energy at 1064
nm is around 1 J, at shorter wavelengths it is 2-4 times lower. The laser beam
had the Gaussian shape with 10 mm FWHM. It should be noticed that since the
beam profile is not top-hat, it has strong influence to the calculated elemental
depth profiles [42].

The vacuum chamber had volume around 25 L and was equipped with turbo-
molecular and rotary vane pump. The minimal achievable residual pressure was
10 mbar. The chamber has 5 viewing ports at 0°, 45° and 90° direction to the
target normal (Figure 2.1). The chamber is equipped with electric feed-throughs
and X-Y moving stage for target mounting. The X-Y stage is moved by stepper-
motors controlled by PC.

During the experiments two spectrometers were used. First one was Echelle
type spectrometer Andor Mechelle 5000 with Andor iCCD (1024 x 1024 pixels)
camera which record spectrum during a single laser shot in 220-850 nm range.
The resolution of the spectrometer (A/AL) was 5000. For every wavelength 3—5
vertical pixels were pinned. The light was guided to the spectrometer via optical
fiber of 50 pm diameter. For the Mechelle 5000 spectrometer the relative inten-
sity calibration was carried out using the Ocean Optics UV-VIS-NIR calibration
source DH-2000. The second, Czerny-Turner type spectrometer MDR-23 was
coupled with Andor ICCD camera (512 x 2048 pixels). The device recorded the
spectra between 300-700 nm in a preselected range of 20 nm width. With 40 pm
entrance slit and 1200 lines/mm grating the spectral resolution (A/AL) was 6500.
For every wavelength 500 pixels were pinned. Two setups were used to guide
the light to the entrance slit of MDR-23 spectrometer. With the first setup the
light was guided to the spectrometer slit via fiber bundle consisting of fifty 120
um diameter fibers. The fibers at the spectrometer slit were arranged as linear
array (7 mm x 0.1 mm) to enable more efficient light harvesting. The other end
of the fiber bundle was circular (0.8 mm in diameter). With the other setup the
light was imaged to the entrance slit with a lens.

To guide the light to the end of the optical fiber, different kind of collimating
optical systems were used. For the Echelle spectrometer, operating in wide
spectral range, off-axis parabola mirrors were preferred, mainly because of lack
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of the chromatic aberration. For narrow spectral ranges (20 nm) mainly lenses
were used.

The same Andor ICCD camera (512 x 2048 pixels) was applied to record
images of the plasma plume. It was equipped with photo-lens (=250 mm) and
different filters.

100 cm

Mechelle
5000

) ( MDR-zg]

Figure 2.1. Domestic LIBS setup

2.1.2. Linear plasma machines Pilot-PSI and Magnum-PSI

Pilot-PSI (Figure 2.2) and Magnum-PSI (Figure 2.3 [43]) are linear plasma de-
vices in FOM Institute DIFFER (The Netherlands), which are designed for the
study of plasma surface interactions under fusion relevant conditions. Pilot-PSI
is a forerunner for Magnum-PSI. Nevertheless, due to its smaller dimensions
higher particle fluences are achievable in Pilot-PSI in reasonable experimental
time.

Cascaded arc plasma sources are used to generate the high density plasma.
More specific description is given in [44] and [45]. The plasma jet created in the
source is confined and aimed by the strong axial magnetic field (up to 1.6 T in
Pilot-PSI) to the tested sample, in this way the source creates high fluxes.

Typical parameters of the plasma beam for the devices: electron density (#,)
10"-10*" m”, electron temperature (7,) 0.1-10 eV, particle flux 10*-10" m?s™.
The energy of ions is controlled by the bias voltage of the target.

Specific plasma regimes used in the experiments are described in the
corresponding chapters.
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Figure 2.2. Pilot-PSI with LIBS setup

In most cases the particle distribution in the plasma beam is Gaussian (FWHM

12-25 mm). Nevertheless, due to the effects caused by the E x B rotation [46],
molecular recombination, and effects of the plasma sheath at the target surface
[47] different distributions are observed, especially in cases of plasmas that
consist of different species. By biasing the target, the electron and ion bombard-
ment ratio could be controlled at various regions on the target [48].

In addition to the vacuum vessel size in Magnum-PSI one of the biggest
enhancements compared to the Pilot-PSI is the target mounting system. This
system consists of the user-defined target head, the target manipulator and the
target exchange chamber. The target manipulator allows moving the target to
the target exchange and analyzes chamber (TEAC). The manipulator can be
rotated by £120° and allows tilting of the target against the magnetic field in a
range of £90° (with 0° being perpendicular to the magnetic field) [49]. In the
future Magnum-PSI is planned to operate with a superconductive magnet.

The plasma conditions (n, and 7,) are monitored with Thomson scattering
[50] at various positions respect to the target. Interactions between the plasma
and the target are monitored with emission spectroscopy, IR-thermography,
spectral pyrometer and fast visible light camera.

In previous studies samples exposed to Pilot-PSI plasma have been tested
with post-mortem LIBS in a device similar to the setup described in 2.1.1 [51].
In the framework of the current study also an in-situ LIBS system was installed
for both Pilot-PSI and Magnum-PSI.
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Figure 2.3 Magnum-PSI device [43]

LIBS measurements in Magnum-PSI were carried out in the target exchange
and analyzes chamber (TEAC). Spatial scanning was achieved by using the
manipulator described above. The detailed description of the LIBS setup used in
Magnum-PSI is in [II] and also in [b].

Figure 2.2 gives also a sketch of LIBS setup used for in-situ measurements
in Pilot-PSI. Actually, the plane determined by the Pilot-PSI plasma and laser
beam was vertical, while the details of the recording part were aligned in the
horizontal plane.

Nd:YAG laser lasing at 1064 nm, with pulse duration 8 ns was applied for
the LIBS measurements. The laser was at approximately 20 m distance from the
Pilot-PSI device. The laser beam was first expanded to the diameter of 3 cm and
then it was guided via mirrors to the device where lenses of 1.5 m effective
focus lens focused the beam to the sample. Laser pulse energy at the sample
surface was 160 mJ and the area of the laser spot was approximately 1 mm®
corresponding to the fluence 16 J/cm®. Using a plane mirror and a lens of 30 cm
focal length, the radiation of the laser-produced plasma was directed to the end
of a fiber of 0.8 mm diameter, which delivered the radiation to the spectrometer
location. Length of the fiber was approximately 20 m. Magnification of the
plasma image at the fiber end was close to unity. The other end of the fiber was
coupled to a fiber bundle consisting of 50 fibers 120 pm in diameter. At the
spectrometer entrance the fibers in the bundle were arranged in a linear array.
This array was used as an entrance slit. Czerny-Turner spectrometer with 1
meter focal length was coupled with Manta G-145 CCD camera and image
intensifier. To the signal at a certain wavelength corresponded the sum of a
number of vertically binned ICCD pixels.

Two different gratings were used: 300 lines/mm grating for recording
spectra in 420—490 nm spectral range which contained mainly W and Mo lines
and 1200 lines/mm line grating for higher resolution measurements of Balmer
a-lines of hydrogen isotopes. Delay time #; was 100 ns for the W and Mo
spectra and 200 ns for D/H spectra. In both cases, time-gate Ar was 3 us.
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Spectra containing W and Mo lines were recorded at the Pilot-PSI background
pressure 10~ mbar while lines of hydrogen isotopes were reliably recorded in
Ar at 1.2 mbar pressure.

LIBS measurements were carried out in-situ conditions right after the plasma
exposure. Spectra as a function of the number of laser shots were recorded from
a number of different spots corresponding to the areas on the sample with
different surface modifications caused by Pilot-PSI plasma.

2.1.3. Additional surface characterization methods

Scanning electron microscopy (SEM)

SEM was the main method for describing the structures at the surface of the
samples. The Helios™ NanolLab 600 (FEI) SEM device was applied to charac-
terize the surface morphology and structure. Magnifications from 1000 to
80 000 were applied. The applied voltage was 2 kV. Measurements were carried
out at Institute of Physics, University of Tartu, Estonia.

X-ray diffraction (XRD)

XRD measurements were carried out using SmartLab (Rigaku) diffractometer.
The wavelength of the X-ray radiation was 1.54 A (Cu Ko line). The XRD
spectra were measured from 30 to 80 degrees. Radiation was generated with
45 kV high voltage and 180 mA current. Measurements were carried out at
Institute of Physics, University of Tartu, Estonia.

Secondary ion mass spectroscopy (SIMS)
Quadropole mass spectrometer VG Ionex 1X-70S with O," primary ion beam
was applied. Measurements were carried out at VIT, Finland.

Particle-induced X-ray emission ion micro beam (u-beam) analyzes
Particle-induced X-ray emission (PIXE) measurements with micro-beam were
performed using the 2-MV tandem accelerator were carried out on micro-beam
beam line, which is located at -10° from the exit of the accelerator. Micro-beam
experimental line coupled with high brightness multicusp ion source, with
proton beam which can be focused to dimensions of 500X500 nm’. Measure-
ments were carried out at the Jozef Stefan Institute, Slovenia.

Nuclear reaction analyzes (NRA)

For NRA measurements *He beam was used, *He+ ions were created in duo-
plasmatron ion source. The duoplasmatron ion source is permanently con-
figured for production of He ion beam. To optimize the consumption of *He gas
a mixing apparatus was constructed for mixing *He and *He gasses. An analy-
tical current of 300 pA was used. He beam at the energy of 3.3 MeV was fo-
cused to 10X10 um’. Measurements were carried out at the Jozef Stefan Insti-
tute, Slovenia.
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2.2. Samples

Three kind of coated samples were used in the studies. In addition to that,
measurements on a bulk W sample were carried out.

Samples used for plasma exposure experiments on Pilot-PSI and Magnum-
PSI were produced in the DIARC company (Finland). 1.5-2 um thick coatings
were produced on 2.5 mm thick 30 mm diameter Mo substrate. Samples were
prepared using vacuum arc. The method is described in more detail in [52].
These samples are referred as “DIARC samples” or just “DIARC” in this study.
List of the sample types used in the experiments is in the Table 2.1. Most of the
samples had pure W coatings. Some samples had Al content from 10 to 40
atomic %. As described in 1.2 Al was used as a proxy for Be that will be used in
the ITER. To develop methods for D detection samples with a few atomic
percent D doping were also tested.

Two samples had yttrium (Y) doping (up to 5 at. % ). Y was used to study its
effect on the sputtering yield of W coatings. Previous studies demonstrate that
Y content around 1 weight % improves the shock resistance of W [53].

Table 2.1. List of DIARC samples used in the study

Ref. number Nominal W (at%) | Al(at %) Y doping D doping
coating
thickness (um)
1 2/1.5 100 0 - -
2 2 100 0 - +
3 2 60 40 - -
4 2 90 10 - -
5 2 100 0 + -
6 2 80 20 - -
7 2 80 20 - +

For the study of ablation rate dependence on the surface morphology samples
were produced using the magnetron sputtering (MS) [54] method, produced in
IAP (Romania). These samples are referred as “IAP samples” or just “IAP” in
this study.

To study the applicability of LIBS for analyzing deposited layers and D
detection from samples from real tokamaks, samples drilled from ASDEX Up-
grade (AUGQG) tokamak tiles: inner divertor (tile 4) outer divertor (tiles 1 and 3B-
IT) were used. Positions of the tiles in the tokamak and the samples on the tiles
is given in [IV Figure 1]. The tiles were used during the AUG 2009 year cam-
paign with D plasmas. Diameter of the samples was 17 mm. Originally all these
samples were 1-10 pm thick tungsten coatings on fine-grained graphite. These
samples are referred as “AUG samples” or just “AUG” in this study.
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Table 2.2. List of the IAP samples used in the study

Ref. Nominal coating | W (at %) | Al (at %) Surface D doping
number thickness (um)

1 2 100 0 smooth -
2 2 100 0 rough -
3 2 100 0 smooth +
4 2 90 10 smooth -
5 2 90 10 smooth +
Table 2.3. List of the AUG samples used in the study

Ref. number AUG tile Tile position Marking

1 1 Outer divertor 1-1

2 1 Outer divertor 1-2

3 4 Inner divertor 4-1b

4 4 Inner divertor 4-2b

5 3B-I1 Outer divertor 3B-II-1b

6 3B-I1 Outer divertor 3B-II-2b
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CHAPTER 3: RESULTS AND DISCUSSION

3.1. Characterization of ITER-relevant materials
by time resolved LIBS

3.1.1. Ablation regularities at low (10 mbar) pressure and
1-2 mbar Ar background pressure

The aim of these experiments was to record temporal and spatial characteristics
of the plasma. This information is necessary to find optimal delay times, re-
cording time-gate widths and setup for the plasma plume imaging for the LIBS
experiments.

Time-gated images of the plasma plume were recorded with the ICCD camera
described in 2.1.1. During the experiments the integral spectral radiation was
recorded. Taking into account the spectral sensitivity of the camera and the opti-
cal transmission of the photo-lens, the imaging spectral range was 350-800 nm.
The delay time #, ranged from 20 to 300 ns, the recording time-gate A¢ was 20 ns.

Measurements were carried out and the ablation properties were studied at
107 and 1-2 mbar of Ar background pressure, as these conditions were used for
D detection in the further experiments.

According to Figure 3.1, at low pressure the plasma plume had a diffuse
structure, its linear dimension in the direction of the target normal increased
from 1 mm at 50 ns till 3 mm at 350 ns. The maximum intensity at z; = 300 ns
was 2.5 times lower than that was at ;= 100 ns.
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Figure 3.1. Plasma plume development at low pressure. The blue line and the red arrow
indicate the target plane and the laser beam direction, respectively. Recording time-gate
A=20 ns, laser energy £F= 60 mJ and wavelength A= 266 nm. Numbers above the
images indicate the delay time ¢,
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Figure 3.2 Plasma plume development at 1.8 mbar Ar background pressure. The blue
line and the red arrow indicate the target plane and the laser beam direction, respec-
tively. Recording time-gate 4/=20 ns, laser energy £= 60 mJ and wavelength 1= 266
nm. Numbers above the images indicate the delay time #,.

Figure 3.3 describes the plasma expansion (plume position versus time). In case
of 10° mbar the position for the emission maximum of the plasma plume is
plotted, in case of 1.8 mbar the position of the luminous front. Data points were
fitted with quadratic function to have a differentiable smooth line for the
velocity calculation. In Figure 3.4 the plasma plume velocity calculated from
the quadratic fit for the position is plotted. At z; = 100 ns the expansion velocity
in vacuum was 1.6-10* m/s, at 300 ns it had decreased to 1-10* m/s.
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Figure 3.3. Plasma spatial development. Position of the maximum at low pressure
(10° mbar) and position of the front for 1.8 mbar. Data points are fitted with quadratic
functions.



At 1.8 mbar pressure the plasma plume structure was different from that in
vacuum (Figure 3.2). There was distinct luminous front moving in the back-
ground gas. Behind the front there is plasma core which behaves like the plasma
plume in the vacuum: its development is diffuse. Similar regularities for the
plasma plume expansion have been reported in [55]. At 350 ns delay time the
plasma front had reached approximately 4.5 mm from the target. The radiation
decay time was noticeably longer: the radiation was observable for several
microseconds.
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Figure 3.4. Velocity of the plasma plume (calculated according to the quadratic
estimation of the plume position).

At 1.8 mbar pressure the expansion velocity was lower: 1-10* m/s at 100 ns and
7-10° m/s at 300 ns.

The critical pressure in the LIBS experiments was about 10" mbar above
which the plume radiation intensity increased strongly, indicating that the colli-
sions between the plasma particles (neutral atoms and ions) and surrounding gas
atoms become important. This argument is supported by the fact that mean free
path length at this pressure in the Ar is 2 mm which is comparable to linear
dimension of the plasma plume.

3.1.2. Selection of W spectral lines

As a high-Z element, W has a great number of spectral lines. Aim of this study
was to find amongst these the most suitable lines for quantitative analyzes.
Suitable lines should have high SNR and negligible self-absorption.
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Studies carried out at atmospheric pressure [56] have shown that the electron
temperature 7, and density #. of the LIBS plasma depend strongly on the laser
wavelength. Our aim was to carry out similar experiments in vacuum and com-
pare the laser wavelengths 266 nm and 1064 nm.

Bulk samples were used to analyze W spectral lines. Details of the study are
presented in [I].

In this study the laser wavelengths 1064 and 266 nm were used. The electron
temperature of the plasma was calculated on the bases of Boltzmann plots built
both for W neutral atoms and ions. Theoretical background of this method is
described in 1.1.3. Simple qualitative criteria for estimating the presence of the
self-absorption were found. In general, our study demonstrated that the stron-
gest W I spectral lines (400.88, 407.44 and 429.46 nm) with high transition pro-
bability and relatively low lower energy state are noticeably self-absorbed. W 11
lines do not show effects of strong self-absorption. To study the SNR, the rela-
tive standard deviation [57] was calculated for the selected spectral region.

Electron temperature was 1.25 eV and 0.6 eV [l Figure 5] at the delay times
100 ns and 500 ns, respectively. There was no clear dependence on the laser
wavelength; within the experimental uncertainty the temperatures were iden-
tical. For comparison, works carried out at atmospheric pressure have demonst-
rated that electron temperature and density have clear dependence on the laser
wavelength [56].

As a result of the study a set of suitable spectral lines was selected. At the
experimental conditions used in the study the electron temperature dependence
on the laser wavelength was not observable. Nevertheless, the SNR for the
studied spectral lines was in most cases somewhat larger for the laser wave-
length 266 nm.

3.1.3. Tests on virgin W coatings

Experiments were carried out to characterize the ablation properties of samples
prepared by different methods. LIBS profiles were recorded at a fixed value of
fluence. DIARC (Table 2.1, samples 2, 3, 4) and IAP samples (Table 2.2 samp-
les 1, 2, 4) were tested. Results are presented in [58] and [59].

The spectra were recorded with two different spectrometers from different
directions: Mechelle 5000 spectrometer looking at 45° to the target normal
(Figure 2.2, position 2); MDR-23 looking with the entrance slit at 90° to the
target normal (Figure 2.2, position 3).

SEM images of the samples are in the Figure 3.5. Pictures show that com-
pared with the fine structure of DIARC sample, the “smooth” IAP sample has
remarkably larger structural elements. Even larger structures are present on the
rough [AP samples.
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Figure 3.5. SEM images of the tested samples. a) DIARC b) IAP, smooth ¢) IAP,
rough.
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Figure 3.6. XRD spectra of the tested samples and bulk Mo. Intensity is in log scale and
the baselines are shifted for clarity(originally the background levels are approximately
equal).

Recorded XRD spectra (Figure 3.6) show that DIARC samples have narrower
lines than smooth IAP samples. That refers to larger crystallites in DIARC
coatings. Nevertheless, results may be affected by Mo lines from the substrate.
Mo lines are situated near the W lines and may cause apparent line broadening.
Rough IAP samples have additional diffraction lines in the range 60-70°, these
lines are not present in other spectra. According to the literature [60] these lines
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belong to the W metastable B-phase (other lines belong to more common o-
phase).

Domestic LIBS setup described in 2.1 was used to carry out the LIBS
spectra recording and depth profiling. The laser lased at 532 nm. The laser
energy at the sample surface was 80—90 mJ and spot diameter was 0.7 mm, the
corresponding average fluence ® was 7 J/cm’.
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Figure 3.7. Comparison of the measured spectra of the DIARC and IAP samples.

The LIBS spectra in 385—415 nm range were recorded by MDR-23 spectro-
meter. Examples of the measured spectra are in the Figure 3.7. To build ele-
mental depth profiles strong spectral lines at 390.2 nm (Mo I) and 400.9 nm (W
I) were used. Comparison of the elemental depth profiles for the DIARC
samples is in the Figure 3.8. To reduce the effect of shot-to-shot fluctuations,
trendlines of “moving average” were used. The depth profile for W is not steep
and within the measurement uncertainty these profiles for different samples are
comparable. This is likely to the crater effects related to the laser beam shape
[42], flaking of the coatings etc. The first laser shots recorded at specific site
lack of Mo signal, indicating that the laser crater is fully in the W coating. That
plateau was used to calculate the ablation rate for the coatings. For pure W
coating the plateau is around 29 laser shots, corresponding to ablation rate 69
nm/shot. For the samples containing 10 and 40% Al the ablation rates are 74
nm/shot and 285 nm/shot, respectively. We can see that high Al content
increases drastically the ablation rate for the coatings.
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Figure 3.8. Elemental depth profiles (W and Mo) for the DIARC samples. Lines are
smoothed using the “moving average”. The experimental points in the graph are
presented for the sample with 40% Al .

Results of experiments on the IAP samples are in the Figure 3.9. It should be
noticed that the x-axis has different scale than in previous graphs for DIARC
samples. For pure W coatings a Mo signal well above the noise level is detect-
able already from the second laser shot. Controversially, for the Al containing
samples Mo signal came clearly detectable during the 3—4th laser shot. The
continuous background radiation was remarkably stronger during ablating the
coating, compared to the continuous background signal obtained from the Mo
substrate. That likely indicates enhanced laser radiation absorption and thus
more porous structure of the coatings. This is also supported by the SEM
images. Due to the small number of laser shots needed to go through the
coating, the uncertainty for the ablation rate is high; the ablation rate is roughly
in the range of 500 nm/laser shot.

In addition to the intensity of W and Mo spectral lines the total intensity in
the measured spectral range was calculated. Figure 3.10 shows that for the
DIARC samples (except the one with 40% Al content) this value is nearly inde-
pendent of the laser shot number. For IAP samples the radiation of the laser-
induced plasma generated from the coating is much more intense compared to
the one generated from the substrate. This effect could be explained by the
enhanced absorption of the laser radiation and smaller thermal conductivity of
the IAP coatings.
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Figure 3.9. Elemental depth profiles of W (left) and Mo (right) for the IAP samples.

7.E+06

6.E+06 —A,
3 5.E+06
@©
S~
Z / \
“a 4.E+00
=
2 il T
8
— B—
s o / \\.—‘\-—_‘\_‘
>
s
=
T 2.E+06
o

(= — s Gl
1.E+06
0.E+00 .
0 2 4 6 8 10 12 14

Laser shot nr.
—m—DIARC W 60% Al 40% —=—DIARC W 90% Al 10% —=—DIARC W 100%

== |AP W 100% rough —@—|AP W 100% smooth —@—|AP W 90% Al 10%

Figure 3.10. Total intensity in the selected spectral region.

Experiments on W coatings with different surface morphology and structure
(caused by the production methods) revealed that these parameters have very
strong effect on the ablation rate and also on the measured LIBS spectra.

To apply LIBS for in-situ erosion and deposition measurements methodo-
logy for taking into account the change in the ablation rate should be developed.
One possible approach that should be investigated is to use the total intensity or
background intensity as a normalization parameter.

3.1.4. D detection from W and W/AI mixture coated samples

Samples with D-doping of 20%Al/80%W coatings were tested (Table 2.1,
samples 7). For a comparison samples without D-doping were tested (Table 2.1,
samples 6). The results are available in [61].
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The experiments were carried out in domestic LIBS device. Laser radiation
of /=1064 nm wavelength was used for excitation of the LIBS spectra. Spectra
were recorded at background pressure 10 mbar setting 75 and A¢ to 100 ns and
1000 ns, respectively. Mechelle 5000 spectrometer looking at 0° to the target
normal (Figure 2.2, position 1); MDR-23 equipped with the fibre bundle
looking at 45° to the target normal (Figure 2.2, position 2). Spectra near the
Balmer D, and H,, lines were recorded with the MDR-23 and in the wide spect-
ral range with Mechelle 5000. The laser fluence ® was varied from 7 to
10 J/em®.

As a preparation for the low pressure measurements also experiments at
1 mbar Ar background pressure were carried out to adjust the experimental
setup. These results are not considered here.

Multisite averaging was applied (spectra from 10 sites were averaged). The
effect of the averaging is shown in Figure 3.11 left. Figure 3.11 right demonst-
rates how D, and H, lines near 656 nm change with the laser shot number. Clear
D peak is detectable only during the second and the third laser shot.

Best results were achieved at a lower fluence value. At higher fluence values
the FWHM for D, and H, lines was greater mainly due to the Stark broadening
[40]. Therefore the spectral lines were not clearly resolved from each other. As
the recorded signal was weaker for lower fluence the multisite averaging be-
came important.
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Figure 3.11. Left — multispot averaged spectrum versus single-spot spectra; right —
spectrum around 656 nm wavelength as a function of laser shot number.

Figure 3.12 compares the elemental depth profiles of D to the ones of W, Al and
Mo. The maxima are normalized to unity. It shows that while D signal is pre-
sent for three laser shots, the signal for the metals in the coatings persists
noticeably longer. Main reason for this phenomenon is expected to be the out-
gassing of D: first laser shots heat up the sample nearby and the deuterium
deeper in the coating is released. Also the difference in recording geometry for
D and W/AI might play a role. As shown above (see 3.1.2 and [I]) and known

36



from the literature [18] self-absorption often affects the line intensity for W and
Al lines and thus may disturb the shape of the elemental depth profiles. At high
concentrations the intensity of the lines start to saturate and thus the
concentration and intensity are not proportional anymore. At low concentration
of W or Al gives ill-proportioned high signal that causes “tails” of the elemental
depth profiles.

D-doped 2 pm Al/W coating on Mo; @ = 7 J cm™?

-=-Al Norm
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'S
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Figure 3.12. Elemental depth profiles for D, W, Mo, Al and Mo (maxima normalized to
unity).

With this experiment we showed that it is possible to use LIBS at low back-
ground pressure (10 mbar) to detect Balmer D,, -line and resolve it from the H,,
-line. Nevertheless, recording parameters (delay time, time-gate, laser fluence)
must be carefully chosen. SNR is also a critical issue for detecting D,, -line and
resolving it from the H,, -line.

3.2. Experiments on samples exposed to plasma

3.2.1. Experiments on W coatings exposed
to Pilot-PSI He and D plasma

2 um thick W coatings (Table 2.1 samples 1 and 2 in) were exposed to He and
D plasma mixtures in the Pilot-PSI device described in 2.1.2. The composition
of the Pilot-PSI plasma, sample surface temperature and ion energy were varied.
Sample surface was characterized by SEM. XRD measurements were
performed to study the crystal structure. These results are presented in [I11].

The SEM images [III Figure 2] demonstrate that the surface structure of W
coatings exposed to plasma is strongly dependent on the plasma composition.
He containing plasma causes the growth of fuzz-like structure, described in
several studies (for example [26], [62]), whereas the changes in the crystal
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structure (lattice parameter and crystallite size) were mainly driven by the
surface temperature.

Plasma caused erosion of the W coatings and D retention was determined by
SIMS and LIBS elemental depth profiles. LIBS measurements were performed
with the domestic device described in 2.1. Short overview of the results is
published in [d]. The laser fluence during the measurements was approximately
12 J/em®. Spectra were recorded with Mechelle 5000 spectrometer in the wide
spectral range from 280 nm to 850 nm in collinear direction (Figure 2.1, position
1). In this region a large number of W and Mo atomic lines were distinguishable.
Nevertheless, for most of the lines the SNR was low. The applicability of
multisite averaging was limited because of the small area of the characteristic
regions on exposed samples. It was possible to average spectra only from 2-3
laser craters. With this procedure, acceptable SNR was achieved only for the
strongest W spectral lines. The 400.88 nm W I line was used to build the ele-
mental depth profiles. Thus, self-absorption effects are possible. For comparison
elemental depth profiles were recorded with LIBS from unexposed samples.

The recorded LIBS spectra show strong dependence on the sample surface
morphology. In Figure 3.13 spectra for the two first laser shots are shown for the
fuzz-like structure created by He plasma flux and for the unexposed sample. For
the fuzz-like structure both the continuum radiation and line emission are much
more intense. Continuum is approximately 5 times more intense and the line
emission approximately 2.5 times. It could be assumed that in the case of more
intense spectra more energy from the laser pulse is coupled to the plasma plume.
One straightforward reason for that is following: fuzz-like structure reduces the
laser light reflection and increases absorption (at visual observation it looks black,
absorption coefficient up to 98% is referred [62]). The increase in the spectra
intensity was also present for other surface modifications but it was smaller.
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Figure 3.13. Effect of the surface morphology to the recorded LIBS spectra.
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The described increase in the intensity is reflected in the W elemental depth
profiles (Figure 3.14 left). To overcome this effect a normalization method was
introduced: the spectrum was normalized with its total intensity. Figure 3.14
right shows that after the depth profiles become comparable.
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Figure 3.14. Elemental depth profiles for W before (left) and after (right) normalization
with the total intensity.

In some regions of the samples exposed to the plasma, Mo spectral lines are ob-
served for a few first laser shots. As SIMS measurements show relatively small
erosion of the W coatings, the Mo likely originates from the Mo electrode of
Pilot-PSI plasma source or from the clamping ring made of Mo. SIMS mea-
surements also confirm the deposited Mo on the surface. Calculated elemental
depth profiles show that it takes 5—6 laser shots to ablate the 2 pm thick W
coatings. Thus the ablation rate is 300400 nm per laser pulse. This result is
somewhat controversial with the later study [II] where the laser fluence was
comparable (15 J/cm®) but the ablation rate was assumed to be remarkably
lower (200 nm or less). Reason for that is not clear, possible explanations are
differences in the used samples (nevertheless, nominal parameters are same for
both sample sets used in the experiment) or in the laser beam shape [35] (re-
gions of higher and lower fluence exist in the laser spot; the value given above
is a spatial average). Due to the high ablation rate no changes in the coating
thickness were distinguishable in the LIBS elemental depth profiles: according
to the SIMS measurements the changes in the W coating thickness were less
than 100 nm for all the regions of the tested samples.

In this study the effect of surface morphology changes caused by the He and
D plasma to the LIBS spectra were studied. It was demonstrated that the
morphology has a great influence on the spectra and on the elemental depth
profiles recorded by LIBS. The normalization was needed for comparison of the
recorded depth profiles. In the further research lower laser fluence has to be
used to decrease the ablation rate and thus improve depth resolution for the ele-
mental depth profiles. To make it possible a spectral system with better sensiti-
vity has to be used.
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3.2.2. Tests on samples exposed to linear plasma
devices and AUG plasma

Samples described in Table 2.3 from the ASDEX Upgrade tokamak were tested
in domestic LIBS setup. Experiments were carried out at 1 mbar Ar background
pressure. Most detailed analysis was carried out for sample 2b (tile 4) from the
inner divertor. This sample had originally W coating on graphite. To increase
the SNR multisite averaging was applied. Experimental procedure is described
in [IV]. 43 lines of 9 chemical elements were identified from the spectra. Most
of them had similar depth profiles [IV Figure 4].

The MDR-23 spectrometer was used to separate D, and H, Balmer lines near
656 nm [IV Figure 5]. The H signal is strongest for the first laser shot due to the
surface contamination with water vapor. Comparing LIBS data with nuclear
reaction analyzes (NRA) it yields that the lowest D concentration detected with
LIBS in these experiments was 10" at/cm®.

We showed that the used LIBS setup allowed reliable detection of D from
the AUG tiles. The elemental depth profiles calculated using data processing
method described in [II] show reasonable correspondence with relative con-
centrations obtained by ion-beam methods (SIMS, RBS) [IV Figure 7].

3.3. In-situ LIBS measurements on linear plasma devices

3.3.1. In-situ LIBS system development on Magnum-PSI

An in-situ LIBS setup was applied to measure the erosion of W coatings expo-
sed to Magnum-PSI ELM-like regime. This regime was achieved by adding
spikes with 10 Hz repetition rate and 1 ms duration to the Magnum-PSI source
current [63]. LIBS measurements were carried out in Magnum-PSI target ex-
change and analyzes chamber (TEAC). Detailed description of the experiment
is in [II].

In this study in-situ and post-mortem LIBS results were compared [II Figure
5]. Taking into account the difference in laser fluence, good coincidence of the
elemental depth profiles was achieved.

It was demonstrated that LIBS is applicable for erosion and deposition mea-
surements in tokamak-like environment. LIBS deduced results were related to
the sample surface morphology [II Figure 3].

In addition to that we showed that W coatings used in this study were able to
withstand both the steady-state and ELM-like plasma regime used in Magnum-
PSI (small ELMs with high repetition rate). The changes in the surface morpho-
logy and crystallinity were mainly controlled by the particle fluence and the
surface temperature of the sample, the influence of ELMs was small.
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3.3.2. In-situ LIBS measurements on Pilot-PSI

Samples with 2 um thick W coatings with and without Y doping (Table 2.1
samples 1 and 5) were tested.

Samples were exposed to D or to D/Ne plasma. Ne component was used to
simulate the effect of heavy particles to the processes of plasma-surface inter-
action: according to [64], at low electron temperature the sputtering yield for Ne
ions is comparable to that of W ions. Ne ions should produce cracks and other
similar imperfections at the surface, thus enhancing the D retention.

During experiments the plasma’s electron density 7, and temperature 7, were
1.4:-10°-3.7-10* m™ and 1-2 eV, respectively. Four samples were exposed to
plasma fluxes. Main characteristics of the plasma treatment are collected in
Table 3.1. The flow rate values in the Table 3.1 are the volumetric flow rates in
the plasma source inlet. Samples 1 and 2 were exposed only to the D/Ne
plasma, while samples 3 and 4 passed two-step plasma treatment (Table 3.1).
The aim of the first step was to modify the sample surface in a way which is
favorable for D retention. During the second step the structures produced at the
surface were loaded by deuterium. According to [65] the retention drastically
decreases with the temperature growth. This is the reason why during this step
the surface temperature was kept low.

In case of the D/Ne plasma the particles’ flux density was approximately
10* m™? s and in case of D plasma it was nearly 20 times lower. The value of
the target bias voltage was -40 V.

Table 3.1. Plasma regimes

Sample | Coating | Plasma & | Field, | FWHM | Plasma | Peak | D flow | Ne flow
total T mm | current, | temp, | rate, | rate, slm
exposition A °C slm
; x/Y D,/Ne; 600s | 0.8 12 50-60 | 1300 | 0.7 222
3 W D,/Ne; 300s | 0.8 12 50-60 | 1300 | 0.7 2.22
4 W/Y +D,;300s | 04 25 10-15 |<600| 2.5 0

During the plasma exposure a spectral pyrometer and an IR camera were used
for recording of the temperature at the sample surface.

To estimate the gross erosion profile, fast visible light camera with the inter-
ference filter for W I spectral line at 400.9 nm (bandwith less than 2 nm) was
used. The frame rate and the exposure time of the camera were 100 Hz and
9.9 ms, respectively. In addition, to estimate the proportion of continuous back-
ground in the camera signal, spectra from different points at the sample surface
were recorded in 20 nm region centered at the W 400.9 nm line using the
Czerny-Turner spectrometer with the 300 lines/mm grating.

The LIBS setup is described in the part considering Magnum-PSI and Pilot-
PSI (2.1.2 Figure 2.2).
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Flux of D/Ne plasma causes an intensive erosion of the sample material
accompanied by the radiation of W 400.9 nm line (Figure 3.15 a). In case of D
plasma flux the radiation originated from the sample surface was not detectable.

-10 0 10 10 55 0 10
mm
Figure 3.15. a) W radiation near 400.9 nm wavelength recorded during D/Ne plasma
flux b) due to the plasma action ring-like pattern is formed at the sample surface. Row
of round spots are craters formed during LIBS measurements.
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Figure 3.16. Sample 1, D/Ne plasma. a) dots — temperature distribution along the
sample diameter; solid line — Gaussian fit with FWHM = 12.25 mm; dashed line —
radiation profile recorded by 400.9 nm interference filter. b) the spectrum near
400.9 nm at the center and at the edge of a sample.

Keeping in mind that the erosion is caused mainly by Ne ions, Figures 3.15a,
3.16a show that the Ne ions hit the outer circular region with the flux maximum
at X ~ 10 mm. Radiation recorded with the 400.9 nm filter is the sum of a
continuous spectrum and the W line. According to Figure 3.16b it is possible to
say that at the sample center the W radiation had a very low intensity and thus
the amount of the sputtered material was small. At the same time from the
temperature profile (Figure 3.16a) follows that the maximum of the energy
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delivered by plasma flux is at the sample center. Such uneven distribution of
charged particles at the sample surface is confirmed by recent probe studies
[48]: depending on the bias voltage of sample, in linear plasma machines the
plasma flux can bombard the sample with electrons in the central region and
with ions in the remaining part. SEM pictures (Figure 3.17) demonstrate that the
ring-like pattern at the plasma-exposed sample (Figure 3.15b) reflects the
morphology differences along the sample surface.

Sample 2; X=2 mm -

Figure 3.17. Sample 2. SEM pictures at different distances X.

In spite of different coatings compositions and plasma fluxes directed to the
samples, for all samples the main regularities of the surface structure are the
same. At the central part of samples, the surface has a grain-like structure
which at outer parts is replaced by a plate-like structure (Figure 3.17). At distan-
ces 8 < X < 11 mm the surface had an increased roughness.

The LIBS spectra where recorded from different parts at the sample surface.
It should be pointed that LIBS results reflect the net erosion while the distribu-
tion in Fig 3.15a is related to gross erosion.

Each crater in Figure 3.15b is formed by 100 laser shots. Spectral lines
which had an acceptable signal-to noise ratio in 420-490 nm spectral range, are
presented in Table 3.2.

Tabel 3.2. Detected W and Mo spectral lines

Element | Wavelength, nm Ak s E,, eV

W1 465.987 3.00E+06 2.66
W I* 468.761 1.33E+07 5.03

W1 484.381 9.50E+06 2.97
Mo 1 470.726 3.27e+08 5.12
Mo I* 473.144 4.98E+08 5.22
Mo I 476.019 6.07E+08 5.25
Mo 1 481.925 2.44E+08 5.2
Mo 1 483.051 2.85E+08 5.2
Mo 1 486.800 1.56E+08 5.14
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To build elemental depth profiles we chose spectral lines belonging to tran-
sitions, which upper state energies £, had close values: for W 468.761 nm and
Mo 473.144 nm lines the E, values are 5.03 and 5.22 eV, respectively. As a
rough estimation, it was supposed that the populations of these states x; =
Ii/ 91 Ay are proportional to the concentration of species. Thus, the relative
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Figure 3.18. W/Y coating. LIBS profiles for Mo (A) and for W (B), figures are distan-
ces from the sample center in mm. Thinner lines (X = 7 mm) are the results without
smoothing, thicker lines present the moving average over 4 points. Dashed lines are
sample 2 (W coating) profiles at X = 9 mm.

Assuming that the ablation rate is independent of the position X, from Figure
3.18 follows that the thickness of the W layer is thinnest at X ~ 10 mm and the
thickness gradually decreased towards center. This result matches with the trend
observed in the case of gross erosion (Figure 3.15 a, Figure 3.16) i.e. after the
plasma exposure the remained W layer is thinner at places where the gross
erosion is larger. From the comparison of the depth profiles for W/Y and W
coatings at X = 9 mm follows that Y increased the persistence of the coating to
plasma fluxes.

At the central part of samples, we see the presence of Mo starting from the
first laser shot. This is the reason why the value of ry at the center is lower than
it is at X = 5 mm. Besides, remarkable is that at the sample center both ry and
Mo values remain practically unchanged during 100 laser shots i.e. due to the
Ne/D plasma flux an efficient mixing of W and Mo took place. It is hard to
explain these findings only by erosion/deposition processes at the sample
surface. As in the previous measurements (3.2.1, [II]) it could be possible that
the Mo originates from the plasma source or from the Mo clamping ring and
due to the high value of temperature the mixing of W and Mo take place.

SIMS results presented in Figure 3.19 are raw dependences i.e. they show
how the concentration of an element changes with depth but they do not allow
comparing the W and Mo relative concentrations. SIMS supports the LIBS
findings. Indeed, at X = 9 mm the W coating is the thinnest and it gradually
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increases towards center. At the same time the Mo signal follows the same trend
and in the central part it is close to its maximum value. Dashed lines in Figure
3.19 demonstrate the effect of plasma exposure time. According to Table 3.1,
for sample 4 the exposure time to Ne/D plasma is two times shorter and the
thickness of the remaining W layer at X = 5 mm is = 1.5 times bigger. From the
comparison of SIMS and LIBS profiles the laser ablation rate value for the W/Y
coating is = 10 nm per shot.

Counts, s

Depth, nm Depth, nm

Figure 3.19. Mo (left) and W (right) SIMS profiles; parameter — distance (mm) from
the center; dashed lines — sample 4 profiles at 5 mm distance from the center.

In Figure 3.20 Balmer D, -line and H, -line were fitted with Lorentzian contours
(FWHM = 0.14 nm). At X = 9 mm the deuterium is detectable during the first
five laser shots while at X = 2 mm the intensity of the D, -line is at the noise
level. This result confirms that the retention is more efficient in places of in-
creased surface roughness. Intensity of H, -line remains practically independent
of the laser shot number, likely it is caused by the presence of water vapor in
background Ar gas. Again, these LIBS results match with those obtained by
SIMS where at 100 nm depth the D, -line intensity at the sample center was
more by an order lower then at ~ 10 mm distance.
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Figure 3.20. Sample 4(W/Y coating). Spectra at distances X =9 mm (A) X =2 mm (B)
for different laser shots. Dots — experiment; solid lines — Lorentzian fit. Spectra were
recorded in Ar at 1.2 mbar background pressure.
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Profiles obtained by ion p-beam PIXE measurements for Mo, W and D con-
centration along the sample surface are presented in Figure 3.21. Results for the
Mo and W show good correspondence to the results obtained by LIBS and
SIMS. Mo concentration is highest at the center, once again referring to Mo
deposition from the plasma source or the clamping ring used. Also some Mo is
detected approximately 10 mm from the center. W distribution is more uniform,
having minima in the locations with higher Mo concentration. The distribution
of D concentration, measured by p-beam, has some contradictions with the
LIBS results. Namely, p-beam shows maximum of D concentration approxi-
mately 4 mm from the center, meanwhile for LIBS measurements the most
persistent signal was measured 9 mm from the center. Reason for this effect is
not clear. One possible reason is ageing of the samples: p-beam measurements
were carried out more than half a year after the LIBS experiments. Possible
outgassing during the experiments should be also considered in the further
studies. Uneven distribution of D in the W, described in [66], may also affect
the profiles. NRA measurements revealed that maximum D concentration for
the samples was around 2.5-10" cm®.

In this study W coatings with and without Y doping were exposed to D and
Ne plasma in the linear plasma device Pilot-PSI. Several in-situ (LIBS, IR
thermography, spectral pyrometer, optical emission imaging) and post-mortem
(SEM, SIMS, u-beam PIXE, NRA) were applied to characterize the samples.
The results confirmed that the erosion of W coatings was caused by Ne ions. D
loading to the samples is most effective at low surface temperature (<600 °C)
and in the regions with increased roughness (plated structure is present). Y
doping of a few atomic percent reduces the sputtering yield of W coatings re-
markably. We demonstrated that LIBS is a reliable in-sifu technique for charac-
terizing erosion and deposition processes on W coatings and gives results that
coincide reasonably with the ones obtained by SIMS. At 1.2 mbar Ar back-
ground pressure Balmer D, -line signal was reliable detected and resolved from
the H, -line. LIBS enabled to describe the D retention gradients along the
sample surface. Nevertheless, further study is needed to achieve quantitative
results.
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SUMMARY (MAIN RESULTS)

In this work laser-induced breakdown spectroscopy (LIBS) applicability for on-
line monitoring of ITER-relevant materials at low background pressure (from
10 mbar to 2 mbar) was investigated.

Post-mortem experiments were carried out on domestic LIBS device
equipped with Nd:YAG laser lasing at 1064 nm, 532 nm and 266 nm. Minimal
residual pressure was 10 mbar. Single-shot spectra were recorded in a wide
spectral range (280 — 850 nm) with the echelle spectrometer and Czerny-Turner
spectrometer was used for recording in a selected 20 nm range. Spectrometers
were equipped with time-gated ICCD cameras.

As a first step, the regularities of the development of the laser-produced
tungsten (W) plasma plume were investigated. ICCD images confirmed that at
low pressure (10° mbar) the plasma plume expansion is diffusive. At 1.8 mbar
Ar background pressure a clearly distinguishable front is formed. 200 ns after
the laser plume the plume expansion had reached 5 mm and 3 mm from the
target at 10 mbar and 2 mbar, respectively. 100 ns after the laser pulse the
velocity of the plasma plume at 1 mbar and 10~ mbar was 8 km/s and 15 kmy/s,
respectively. Afterwards the velocity decreased linearly. On that base
appropriate experimental parameters were selected. At low pressure (less than
10” mbar) optimal time gate and delay time for tungsten LIBS measurements
were found to be around 100 ns and 500 ns, respectively. Laser fluence ensuring
reasonable compromise between spectra signal-to-noise ratio and the ablation
rate for pure W coatings was found to be around 7 J/cm®.

For application of calibration-free LIBS a set of W spectral lines were tested
in the 400—443 nm spectral range. It appeared that the most intensive W lines
(400.88 nm, 407.44 nm, 429.46 nm) are influenced by strong self-absorption
and they are not applicable for the calibration-free LIBS measurements. It was
found that during the first 400 ns the electron temperature changed from 1.25 to
0.65 eV. In addition, the dependence of electron temperature and signal-to-noise
ratio for the W spectral lines on laser wavelength (266 nm and 1064 nm) was
studied. At 107 mbar pressure the electron temperature was independent of laser
wavelength but at 266 nm the value of the signal-to-noise ratio was larger.

In case of the composite layers aluminum (Al) was used as a proxy for
beryllium. The ablation rate of W/AI coatings was strongly dependent on the
aluminum content. For pure tungsten coatings the minimal ablation rate
corresponding to LIBS spectra with reasonable signal-to-noise ratio was less
than 100 nm per laser pulse. While for the Al-containing (up to 40 at. %) the
corresponding ablation rate was remarkably higher (up to 400 nm per laser
pulse).

In addition to the sample composition the surface morphology of the tested
samples had a strong effect on the recorded LIBS spectra. Ablation rate for W
samples with porous structure was up to 10 times higher compared to the
smooth samples.
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It was shown that in most cases background pressure in the range of 1 mbar
is needed for detecting D from pure W tungsten coatings (tests on Asdex
Upgrade tokamak divertor tiles and in-situ measurements on Pilot-PSI linear
plasma device). As an exception, for the W/Al coating the deuterium signal was
detectable also at low (10 mbar) pressure. Optimal delay time for deuterium
detection was 150 — 200 ns and optimal fluence was somewhat lower from the
one suggested for measuring tungsten spectral lines. Analyzing samples
exposed to tokamak-relevant plasma (in Asdex Uprade tokamak or linear
plasma devices Magnum-PSI and Pilot-PSI) it was shown that LIBS could be
applied for erosion, deposition and deuterium retention measurements.

To test in-situ LIBS applicability for real tokamak-like conditions, experi-
ments were carried out on Magnum-PSI and Pilot-PSI linear plasma devices.
Samples were exposed to He, D, and neon plasma fluxes. In case of Magnum-
PSI device the LIBS spectra were recorded in the target exchange and analyzes
chamber, while in Pilot-PSI case the measurements were carried out in “true”
in-situ conditions. In addition to in-situ LIBS measurements other in-situ (IR
thermography, spectral pyrometer, optical emission imaging) and post-mortem
(SEM, SIMS, p-beam, NRA) techniques were applied to characterize the
samples. The LIBS results match reasonably well with those obtained by other
methods. LIBS allowed the resolving of the deuterium and hydrogen Balmer a-
lines at 1.2 mbar Ar background pressure. A clear dependence of the deuterium
retention on the surface structures was demonstrated. Retention was much
higher in plated structures than in the regions with smooth surface.

To sum up, in this study the preliminary experiments needed to apply LIBS
as a quantitative in-situ tool for monitoring tungsten-containing layers erosion
in ITER were carried out: the optimal parameters for the spectral recording and
suitable spectral lines are suggested; the influence of the sample composition
and surface morphology to the LIBS spectra was described. The ablation rate
per laser pulse that determines the precision of these measurements was in the
limits of 20-400 nm, depending on the surface morphology and sample com-
position. Deuterium and hydrogen lines were spectrally resolved and at least
qualitatively reliable in-situ measurements of deuterium retention were carried
out in linear plasma device Pilot-PSI.
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OPEN PROBLEMS AND SUGGESTIONS FOR
THE FURTHER RESEARCH

On the basis of the present study arose a number of problems and research
questions to be solved before applying LIBS as an in-situ tool for erosion,
deposition and fuel retention study in tokamaks:

1. A quantitative model or calibration database is needed to find the ablation
rate from the parameters of LIBS spectra. For further information systematic
experimental and possibly modeling studies are needed.

2. Self-absorption correction coefficients are needed for tungsten spectral lines
to apply calibration-free LIBS approach for tungsten containing samples.
Direct measurements of absorption coefficients in tungsten plasma plume are
needed.

3. In this work deuterium and hydrogen lines were spectrally resolved. For
tokamak applications study on tritium containing samples is essential. To
resolve deuterium and tritium spectral lines, a LIBS recording setup with
sufficient spectral resolution and meanwhile with good sensitivity has to be
designed. In addition to that the optimal recording options (delay time, time
gate, background pressure, laser pulse parameters) have to be figured out.
Experiments with tritium containing samples have to be performed.

4. Methodology to determine absolute deuterium and tritium concentrations
(instead of relative concentrations) is needed. This is needed to estimate the
amount of fuel (deuterium and tritium) in the ITER walls. The main concern
is the amount of tritium that is considered as an important safety issue. One
possible approach is absolute intensity measurements. In this case the
ionization degree of the plasma has to be known to convert the spectral line
intensity to the number of particles.
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SUMMARY IN ESTONIAN

In-situ LIBSi rakendamine
ITERisse sobilike materjalide uurimiseks

Kontrollitud tuumasiinteesil on vorreldes traditsiooniliste energiaallikatega mit-
meid eeliseid. Selle energialiigi kasutuselevotuks on ehitamisel eksperimentaal-
ne tuumasiinteesireaktor ITER (ingl International Thermonuclear Experimental
Reactor), mis on libi aegade suurimaid teadusprojekte. Uheks 18puni lahenda-
mata probleemiks on reaktori seinte seiramine plasmalahenduste vahel. Reaktori
torgeteta toimimise tagamiseks on vajalik jilgida erosiooni- ja sadestumisprot-
sesse ning kiituse (deuteeriumi ja triitiumi) salvestumist seadme seintesse.
Uheks voimalikuks seiremeetodiks on laser-indutseeritud plasma spektroskoo-
pia (LIBS).

T606s uuriti LIBS rakendatavust ITERisse sobilike materjalide in-situ ekspress-
analiiiisiks madalal (kuni 2 mbar) taustrohul. Peamiseks uuritavaks materjaliks
oli volfram (W) ja selle segud alumiiniumiga (Al). Alumiiniumi kasutati ITERis
kasutatava beriilliumi (Be) asemel, kuna Be on toksiline ning selle uurimine ei
ole enamikus laborites véimalik. Samuti uuriti deuteeriumi (D) detekteerimise
ning deuteeriumi ja vesiniku (H) spektrijoonte eraldamise kiisimusi.

To66 esimeses osas antakse lithike teoreetiline iilevaade LIBSist, LIBSi ra-
kendamise spetsiifikast [ITERisse sobivate materjalide ning tingimuste jaoks
ning plasma-tahkise vastastikmdju uurimise hetkeseisust.

To66 teises osas tutvustatakse kasutatud eksperimendiseadmeid: kodulabori
LIBS seadet, lineaarseid plasmamasinaid Pilot-PSI ja Magnum-PSI ning neile
iiles seatud in-situ LIBS siisteemi. Liihidalt kirjeldatakse ka kasutatud proove
ning nende karakteriseerimiseks kasutatud analiiiisimeetodeid.

Kolmandas osas kirjeldatakse t66 tulemusi. Toosse lisatud artiklites aval-
datud tulemustest antakse lithililevaade, seni publitseerimata tulemusi tutvusta-
takse pikemalt.

Post-mortem analiiiisid teostati Nd:YAG laseriga (lainepikkused 1064, 532
ja 266 nm) LIBS seadmel. LIBS spekter salvestati Echelle spektromeetriga laias
piirkonnas (280-850 nm) ja Czerny-Turner spektromeeter 20 nm laiuses eel-
valitud piirkonnas. Mdlemad spektromeetrid olid varustatud ajalise lahutusega
valgusvoimendiga digitaalkaameratega (ICCD).

Esimese sammuna uuriti W laser-indutseeritud plasma levikut. Madalal
rohul (107 mbar) on plasmatombu levik difuusne. Kdrgemal réhul (2 mbar)
moodustub ruumis leviva plasmatombu selge esifront. 200 ns pérast laservilget
ulatus plasmatomp rdhkudel 10~ mbar ja 1.8 mbar vastavalt 5 ja 3 mm kau-
gusele marklauast. 100 ns pérast laservélget oli tombu liitkumise kiirus 8 km/s
(1.8 mbar) ja 15 km/s (10° mbar). Hiljem see kahanes ligikaudu lineaarselt.
Leiti, et madalal rdhul (alla 10~ mbar) on spektri salvestamist optimaalne alus-
tada 100 ns pérast laservilget. Sériaja optimaalne pikkus on 500 ns ja energia
pindtihedus 5 J/cm®.
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Kalibratsioonivaba LIBSi rakendamiseks uuriti W spektrijooni piirkonnas
400443 nm. Selgus, et intensiivsemad spektrijooned (400,88 nm; 407,44 nm ja
429,49 nm) on omaneeldumisest tugevalt mdjutatud. Esimese 400 ns jooksul
vihenes Boltzmanni diagrammidelt leitud elektrontemperatuur 1,25 elektron-
voldilt 0,65 elektronvoldile. Lisaks uuriti signaal-miira suhte ning elektrontem-
peratuuri soltuvust laseri lainepikkusest (kasutati lainepikkusi 266 nm ja
1064 nm). Elektrontemperatuur lainepikkusest ei sdltunud, kuid signaal-miira
suhe oli enamike joonte jaoks suurem lainepikkusel 266 nm.

W/AL katete ablatsioonikiiruse uurimisel selgus, et Al osakaal kattes mdjutas
ablatsioonikiirust markimisvéarselt. Puhta W korral oli mdistliku signaal-miira
suhtega spektrit voimalik salvestada ka ablatsioonikiirusel alla 100 nm laser-
vilke kohta. Al sisaldusega (kuni 40 %) oli vastav ablatsioonikiirus oluliselt
suurem (kuni 400 nm laservilke kohta).

Lisaks proovide koostisele mdjutas ablatsioonikiirust ning salvestatud LIBS
spektreid tugevalt ka pinna morfoloogia. Poorsete struktuuride puhul oli ablat-
sioonikiirus vorreldes siledate katetega kuni kiimme korda suurem.

Selgus, et puhtast W valmistatud katetest (tokamaki ASDEX Upgrade diver-
tori proovid ja in-situ modtmised lineaarsel plasmaseadmel Pilot-PSI) D
detekteerimiseks LIBSi abil on enamasti vajalik 1 mbar suurusjirgus taustrohk.
W/AL segust koosnevatest katetest onnestus D detekteerida ka madalal rohul
(10° mbar). Optimaalne viiteacg deuteeriumi detekteerimiseks oli 150-200 ns
ning energia pindtihedus oli veidi madalam sellest, mida kasutati W spektri-
joonte mddtmiseks.

Uurimaks LIBSi rakendatavust in-situ modtmisteks reaalsesse tokamaki sobi-
likes tingimustes, teostati modtmised lineaarsetel plasmaseadmetel Magnum-PSI
ja Pilot-PSI (Hollandis DIFFER instituudis). Proove eksponeeriti heeliumi, deu-
teeriumi ja neooni plasmaga. Magnum-PSI modtmised teostati eksperimendid
spetsiaalses proovide vahetamise ning analiiiisimise kambris. Pilot-PSI puhul
teostati tdelised in-situ modtmised. Lisaks LIBSile kasutati proovide karakteri-
seerimiseks teisi meetodeid: infrapunatermograafia, piiromeetria, skaneeriv
elektronmikroskoopia, sekundaarsete ioonide mass-spektroskoopia, tuumareakt-
sioonide analiiiis). LIBSi ja teiste meetodite tulemused olid heas vastavuses.
1,2 mbar Ar taustrohu juures dnnestus Balmeri seeria D, ja H, spekterijooned
edukalt spektraalselt lahutada. Mdotmised nditasid, et proovis salvestunud deu-
teeriumi kogus soltub tugevalt proovi pinna struktuurist. Plaatja struktuuriga
piirkondades oli deuteeriumi kontsentratsioon méirgatavalt kdrgem kui sileda
pinna puhul.

Kokkuvdtvalt tehti eelt6d, mis on vajalik kvantitatiivse in-sifu LIBSi raken-
damiseks volframit sisaldavate proovide erosiooni mddtmiseks ITERis: selgitati
vilja optimaalsed parameetrid spektri salvestamiseks ning sobivad spektri-
jooned, kirjeldati proovide koostise ning pinna morfoloogia mdju proovide
koostisele. Ablatsioonikiirus laservilke kohta, mis méadrab erosiooni modtmise
tépsuse, oli sdltuvalt proovi koostisest ja pinna morfoloogiast vahemikus 20—
400 nm. Lineaarsel plasmaseadmel Pilot-PSI viidi 1dbi kvalitatiivsed in-situ

52



LIBS modotmised, mis kirjeldasid salvestunud deuteeriumi kogust volfram-
katetes.

Sellest hoolimata on kiisimusi, mis vajavad edasist uurimist. Usaldusvéérsete
stigavusprofiilide leidmiseks tuleb siistemaatiliselt uurida seoseid LIBS spektri
ning proovi ablatsioonikiiruse vahel. Kalibratsioonivaba LIBS metodoloogia
kasutamiseks on tarvis pdhjalikult uurida W joonte omaneeldumist. Vdimalusi
korral tuleb leida vastavad koefitsiendid paranduste sisseviimiseks. LIBSi ra-
kendamisel tuumasiinteesi reaktori seintesse salvestunud kiituse hulga maééra-
miseks tuleb spektraalselt lahutada deuteeriumi ja triitiumi jooned, mille laine-
pikkused on veelgi ldhedasemad kui selles t60s kasutatud deuteeriumi ja vesini-
ku spektrijoontel. Selleks tuleb 14bi viia katsed triitiumi sisaldavate proovidega
ning leida optimaalselt mddtmisparameetrid. Lisaks tuleb leida metodoloogia
deuteeriumi ning triitiumi absoluutsete kontsentratsioonide médramiseks LIBS
spektrist.
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