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Nuclear fusion has enormous potential to greatly affect global energy production. The next-generation
tokamak ITER, which is aimed at demonstrating the feasibility of energy production from fusion on
a commercial scale, is under construction. Wall erosion, material transport, and fuel retention are
known factors that shorten the lifetime of ITER during tokamak operation and give rise to safety
issues. These factors, which must be understood and solved early in the process of fusion reactor
design and development, are among the most important concerns for the community of plasma—wall
interaction researchers. To date, laser techniques are among the most promising methods that can
solve these open ITER issues, and laser-induced breakdown spectroscopy (LIBS) is an ideal candidate
for online monitoring of the walls of current and next-generation (such as ITER) fusion devices. LIBS
is a widely used technique for various applications. It has been considered recently as a promising tool
for analyzing plasma-facing components in fusion devices in situ. This article reviews the experiments
that have been performed by many research groups to assess the feasibility of LIBS for this purpose.
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1 Introduction

During tokamak operation, plasma-facing components
(PFCs) are subjected to harmful processes, including ero-
sion, redeposition, and fuel retention, due to the severe
interaction between edge plasmas and the inner walls of
the fusion device chambers and divertors. Consequently,
the PFCs are eroded and then redeposited in the form
of layers on the surfaces, which can flake and produce
dust. These phenomena can affect the overall system
performance expected in ITER as well as in other fu-
sion tokamaks and can also raise safety issues. Hence,
the condition of first-wall materials should be properly
monitored to ensure continuous and fault-free operation,
and it is mandatory to study plasma—wall interaction
(PWI) to avoid both damage to PFCs and pollution of
the plasma [1-4].

Wall erosion, material transport, and fuel retention

*Special Topic: The 1st Asian Symposium on Laser-induced Break-
down Spectroscopy (Eds. Xiao-Yan Zeng, Zhe Wang & Yoshihiro
Deguchi).

are known to be factors that shorten the lifetime of
ITER and give rise to safety issues. These factors, which
must be understood and solved early in the process of
fusion reactor design and development, are among the
most important concerns for the community of PWI re-
searchers. The main wall diagnostic methods are of-
fline methods and include nuclear reaction analysis [5],
secondary ion mass spectrometry (SIMS) [6, 7], ther-
mal desorption spectrometry [8, 9], X-ray photoelectron
spectroscopy [10], Auger electron spectroscopy [11], and
energy-dispersive X-ray spectroscopy [12]. Using these
methods, Whyte et al. [13] measured the deuterium re-
tention on the divertor tiles of the JET tokamak and
found that the outer divertor strike point undergoes net
erosion. Further, the inner divertor is a region of net
redeposition, with deuterium codeposition rates of ~ 20
ugm?-s~. Oya et al. [14] investigated the behavior of
hydrogen and deuterium retained in the PFCs of the JT-
60U tokamak and found that the behavior of hydrogen
and deuterium and the chemical state of graphite were
affected by the temperature of the surface, the position
of the strike point, and the particle flux during operation.

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016
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Rudakov et al. [15] studied the carbon erosion and re-
deposition and hydrogenic retention in the gaps between
the PFCs of the DIII-D tokamak and confirmed that the
hydrogenic retention in the PFC gaps was reduced at
elevated temperature.

However, very few investigations of PFC diagnosis
have been reported owing to the lack of in situ diagnostic
methods for tokamaks. In situ experimental monitoring
of compositional changes in the PFCs’ surface layer can
provide useful information on possible plasma pollution
and fuel retention. In addition, models of the impurity
deposition, erosion, or fuel retention need to be validated
using experimental data. To this end, suitable diagnostic
techniques that can perform depth profiling analysis of
the superficial layers of the PFCs have been developed.
Owing to the typical constraints of fusion devices, the
measuring apparatus must be noninvasive, remote, and
sensitive to light elements [1, 16]. Laser techniques are
currently among the most promising methods that can
solve these open ITER issues, and laser-induced break-
down spectroscopy (LIBS) is an ideal candidate for online
monitoring of the walls of current and next-generation
(such as ITER) fusion devices.

LIBS is a well-established tool for microdestructive
characterization owing to its flexibility and ability to
reach difficult-to-access structures and the possibility of
installation on remotely controlled devices. It has been
regarded as a future superstar for chemical analysis for
years because of its unique features such as little or
no sample preparation, remote sensing, and fast and
multi-element analysis. In LIBS, vaporization and ex-
citation are performed using a high-power focused laser
pulse. Pulses from a laser are focused on the sample us-
ing a lens, and the plasma light is collected by a fiber
optic cable coupled to a spectrometer. Each firing of
the laser produces a single LIBS measurement. Over
the past several years, LIBS has been applied to many
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studies on various subjects [17]. This paper reviews the
reported results on the use of LIBS in nuclear fusion
technology.

2 Effect of LIBS parameters on PFCs

Farid et al. [18] studied variations in the electron tem-
perature and density as a function of the laser wave-
length and irradiance. Laser ablation of tungsten was
performed at 1064, 532, and 355 nm at atmospheric
pressure to determine the suitability of LIBS for in situ
diagnosis of PFCs. Stark broadening and Boltzmann
plots were used to measure the electron density and
temperature, respectively, of a laser-produced tungsten
plasma. Figure 1 shows that at a constant laser irradi-
ance (1.05 x 10 W-m~2), the maximum temperature
(16 304 K) was reached at 1064 nm. The maximum elec-
tron density (1.12 x 10'*® cm™3) was observed at 355 nm.
Variations in the electron temperature and density as a
function of the laser irradiance and time were also dis-
cussed.

Farid et al. [19] investigated the effect of atmospheric
conditions of Ar, N, and He at reduced pressure (2.0 x
10=* — 5 mbar) on the physical processes of the atomic
and background emission, mass ablation, electron den-
sity, and temperature of a laser-produced Mo plasma.
This work adapted LIBS for in situ diagnosis and clean-
ing of the first mirrors. The obtained results strongly
indicate that the pressure and physical properties of the
background gases play a crucial role in interpreting the
emission (line and continuum background) and charac-
teristic parameters (electron density and temperature)
of the plasma (Fig. 2). The plasma shielding effect was
found to be less pronounced for a He environment, and
it led to enhanced material evaporation from the target
surface. This work could provide important reference

— 1064
160004 —=— 535 "

|—4—355 nm
14000

12000
10000+
8000

6000~

50x101 2.5x1014 45x104 65x1014 8.5x10M4 1.1x1015
Laser irradiance (W-m™2)

Fig. 1 Variations in (a) electron density and (b) temperature of laser-produced tungsten plasma under laser irradiance
at wavelengths of 1064, 532, and 355 nm using a Nd:YAG laser [18].
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data for the design and optimization of LIBS systems
involved in PFC diagnostics.

Hai et al. [20] studied the effect of the magnetic field
strength on LIBS at various pressures for the EAST toka-
mak. Aluminum (replaced Be)-lithium alloys were used
as a substitute for a uniform lithium deposition layer on
the first wall. Detailed information on the divertor tiles
(multi-element-doped graphite) and aluminum-lithium
alloys were obtained by analyzing the spectra from 200
to 980 nm. As shown in Fig. 3, under a magnetic field
(0.94 T), the intensity of various line emissions obtained
from the constituent materials of the samples were en-
hanced by > 2 times owing to the increase in the ef-
fective plasma density and temperature resulting from
magnetic confinement. The effect of the magnetic field
on the emission intensity of LIBS at different pressures
(1.0 x 10~°-1000 mbar) would help us to develop a quan-
titative LIBS approach to monitor impurity deposition
and fuel retention on the first wall.
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Liu et al. [21] studied the variations in the atomic emis-
sion lines and laser-produced plasma plume as a function
of the magnetic field. The results indicated that the LIBS
intensity of the Al and Li emission lines is boosted as
the magnetic strength increases. Typically, the intensity
of the Al I and Li I spectral emission can be magni-
fied by 1.5-3 times in a steady magnetic field of 1.1 T
compared with that in the field-free case. In addition,
in this investigation, time-resolved images of the laser-
produced plume were recorded by employing a fast inten-
sified charge-coupled device (ICCD) camera (Fig. 4). The
results show that in the presence of a magnetic field,
the luminance of the plasma is enhanced and the time
of persistence is increased significantly, and the plasma
plume splits into two lobes. The probable reason for the
enhancement is the magnetic confinement effect, which
increases the number density of excited atoms and the
population of species in a high-energy state. In addition,
the electron temperature and density are also augmented
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Fig. 2 Variations in (a) electron density and (b) temperature of laser-produced Mo plasma in Ar, N2, and He environment

at pressures ranging from 2.0 x 10™* to 5 mbar [19].
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Fig. 3 Calibration curve of Li I (610.37 nm) and Mg I (518.36 nm) in the absence and presence of a magnetic field. LIBS
spectra were recorded at a laser energy density of 15 J-cm™2 at 3 x 107 mbar [20].
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Fig. 4 Spectrally integrated and time-resolved images of nanosecond laser ablation of Al-Li alloy obtained using an ICCD
camera with and without magnetic confinement. The applied gate time of the intensifier was 3 ns. (a) Without a magnetic

field (B =0 T), (b) with a magnetic field (B = 1.1 T) [21].

by the magnetic field compared to those in the field-free
case.

3 Enhancement of LIBS sensitivity

Hai et al. [22] applied the collinear dual-pulse LIBS (DP-
LIBS) configuration to overcome the sensitivity short-
comings of the conventional single-pulse LIBS (SP-LIBS)
technique under vacuum. The plasma emission signal de-
pendence on the interpulse delay at 3.5x10~3 Pa was sys-
tematically studied (Fig. 5), and the results were com-
pared with those obtained using a single laser pulse with
an energy corresponding to the sum of the two pulses.
For a molybdenum tile, it was found that the atomic
spectral lines of Mo were enhanced by a factor of 6.5
when an interpulse delay of 1.5 s was applied. For an ex-
posed divertor tile, significant increases in the emission
line intensities of various minor elements (such as Mo,
Si, Fe, Cr, Ti, Ni, and Ca) were observed by DP-LIBS,
whereas no spectral signal was obtained in SP-LIBS. This
collinear DP-LIBS technique would help us to develop a
more promising system to monitor fuel retention and im-
purity deposition on the PFCs of EAST.

Hai et al. [23] applied LIBS as an online control tech-
nique for the laser cleaning process of the polluted first

114214-4

mirror of the HL-2A tokamak. Spectroscopic study of
the plasma emission can be used to determine the ele-
mental composition of the ablated materials. The code-
position layer (approximately 0.8 lm) was completely
removed after multiple pulses at 0.76 J-cm~2, but the
plasma initiated by the cleaning laser pulse was too weak
to produce LIBS signals. Figure 6 shows that notable
enhancement of the signal emission was observed using
DP-LIBS. Real-time monitoring and accurate identifica-
tion of the interface boundary can provide important in-
formation regarding the cleaned mirror surface in order
to avoid undercleaning. Thus, DP-LIBS also has great
potential for online measurement of laser ablation of the
ultrathin codeposition layer on the first mirrors of the
HL-2A tokamak during cleaning.

Zhao et al. [24] applied polarization-resolved LIBS
(PR-LIBS) to reduce the background continuum and en-
hance the resolution and sensitivity of LIBS. Al (as a sub-
stitute for Be) and the first-wall materials tungsten and
molybdenum were used to investigate the polarized con-
tinuum emission and signal-to-background ratio (SBR).
A Nd:YAG laser with first, second, and third harmon-
ics was used to produce plasma. The effects of the laser
polarization plane, environmental pressure, and polar-
izer detection angle were investigated. The spectra ob-
tained without using a polarizer (i.e., LIBS spectra) were

Cong Li, et al., Front. Phys. 11(6), 114214 (2016)
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compared with those obtained using PR-LIBS (Fig. 7). 250 260 270 280 290 300
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Fig. 5 Comparison of LIBS spectra obtained at 3.5 x 10™% Fig. 7 Comparison of LIBS and PR-LIBS signals for (a)
Pa for an exposed divertor tile (DM2-2012) in the range of W, (b) Mo, and (c) Al. A linearly polarized laser beam (1064
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Li et al. [25] studied the variations in the LIBS signal
as a function of the spatial position using a LIBS system
with spatially resolved collection. The spatial profiles of
the LIBS signals of C, Si, Mo, and the continuous back-
ground were measured. Moreover, the effects of the laser
spot size and laser energy density on the LIBS signals
of C, Si, Mo, and H were also investigated. The results
showed that the distribution of the C, Si, and Mo peaks’
intensities first increased and then decreased from the
center to the edge of the plasma plume. As shown in
Fig. 8, there was a maximum value at R ~ 1.5 mm
from the center of the plasma plume. This work aims to
improve the understanding of ablating plasma dynam-
ics in very low pressure environments and provide guid-
ance for optimization of the LIBS system in the EAST
device.
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Fig. 8 LIBS spectra of (a) doped graphite and (b)
titanium—zirconium—molybdenum at different spatial posi-
tions. At R = 0 mm, the fiber collected the emission sig-
nal from the center of the plasma plume. The laser energy
density was 4.6 J-cm™? [25].
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4 LIBS of PFCs in the lab

LIBS has been applied to investigate ITER-like deposits
under laboratory conditions to simulate a long working
distance and to validate the accuracy and reproducibility
of LIBS for future application in tokamaks.

Li et al. [26] studied the distribution of deuterium
retention from a depth of 0.5 to 4 um in the lithium-
deuterium codeposition layer of EAST divertor tiles from
the EAST 2012 campaign. The deuterium/hydrogen con-
centration ratio was estimated at 0.17 4+ 0.02 in the
lithium—deuterium codeposition layer (Fig. 9). Moreover,
the depth profile behaviors of lithium and deuterium
indicate that deuterium retention in the divertor tiles
resulted from lithium—deuterium codeposition processes
during deuterium discharge in EAST.

Hai et al. [27, 28] investigated the depth profiles of
elements in divertor tiles. Detailed information on the
compositions at superficial and deep positions in the first
wall of divertor tiles can be obtained by analyzing the
spectra from 200 to 980 nm. A decrease in the con-
centrations of the depositional elements, such as Li, was
clearly observed at depths from 0 to 100 wm, but the
concentrations of the substrate elements were found to
be relatively uniform at these depths after dozens of laser
pulses. The linear correlation approach was applied to
improve the accuracy of the impurity depth profile and
identify the interface boundary between the deposition
layer and the substrate for the first time (Fig. 10). Maps
characterizing the quasi-three-dimensional distribution
of multiple elements in the impurities deposited in the
gaps between divertor tiles were also obtained (Fig. 11).

These works would improve the understanding of the
deuterium retention and lithium—deuterium codeposition
mechanisms and provide guidance for optimization of the
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a
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Fig. 9 Depth profile of the D/(H+D) concentration ratio
as a function of the number of laser shots [26].
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[28].

LIBS system, which will be a unique and useful diagnos-
tic approach for EAST.

Mercadier et al. [29, 30] and Semerok et al. [31] per-
formed a LIBS experiment on ITER-like materials. They
applied an infrared laser a with 4 ns pulse duration to
ablate hydrogen- and deuterium-containing carbon fiber
composite (CFC) under argon at reduced pressure. The

Cong Li, et al., Front. Phys. 11(6), 114214 (2016)

ablation depth was measured by microscopic analyses
of the irradiated sample surface. According to the time-
of-flight characteristics of the hydrogen and deuterium
Balmer « spectral lines and the different atomic masses
of both isotopes, hydrogen was found to expand slightly
more quickly into the low pressure argon atmosphere
than deuterium (Fig. 12). In addition, they explored the
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of time recorded during ablation of CFC under argon atmo-
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Pa. The observation distance was 1.5 mm, and the duration
of the observation gate was set to 50 ns for (a) and 100 ns for

(b) and (c) [29].

expansion dynamics of ionized and neutral species within
the ablation plume and investigated the time evolution
of the plume intensity and size. In particular, a paramet-
ric study including the laser fluence, pulse duration, and
gas pressure was performed to determine the optimized
operational conditions for LIBS analyses with samples
from the Tore Supra reactor.

Almaviva et al. [32, 33] and Fantoni et al. [34] used
LIBS to determine the atomic composition of multi-
layered samples simulating the tiles of PFCs in next-
generation fusion machines such as ITER (Fig. 13). The
effects of the time delay and laser fluence on the LIBS
sensitivity at reduced pressure were examined to deter-
mine suitable operating conditions for analytical applica-
tions. Some atomic species in the superficial layer were
analyzed quantitatively using a calibration-free LIBS ap-
proach in the time window in which local thermal equi-
librium was assumed.

Huber et al. [35, 36] presented a feasibility study of
LIBS for the development of an in situ diagnostic for

114214-8

the characterization of deposition layers on PFCs in fu-
sion devices. LIBS would be preferentially applied in
the presence of a toroidal magnetic field and under high-
vacuum conditions. The impact of the laser energy den-
sities on the laser-induced plasma parameters, and thus
on the number of emitted photons and on the repro-
ducibility of the LIBS method, was studied in laboratory
experiments and in TEXTOR on fine-grained graphite
(EK98) as well as on bulk W samples coated with carbon
and metallic-containing deposits. The effect of magnetic
fields and of ambient pressures ranging from 2 x 107*
Pa to 10 Pa on the carbon plasma plume produced by
the LIBS technique was studied in TEXTOR, between
plasma pulses (Fig. 14). The possibility of applying this
method to ITER was discussed.

Karhunen et al. [37, 38] studied the inner divertor
of the ITER-like wall of JET using LIBS to show the
applicability of the method in JET and ITER. The el-
emental depth profiles agreed with those given by ear-
lier SIMS measurements (Figs. 15 and 16). Deuterium
was detected in the deposited layers and successfully dis-
tinguished from hydrogen. The results of these studies
support LIBS as a promising in situ solution to replace
the present post-mortem methods of monitoring metallic
deposited layers.

The final purpose of using LIBS in ITER is to analyze
the wall material quantitatively and thus measure the
amount of fuel retention and deposition in and on the
wall. However, simulation of LIBS is a cumbersome task
because many nonlinear processes occur during LIBS.
The mechanism of laser ablation is not yet known, and
the vacuum boundary condition is still a challenging re-
search topic in the fluid dynamics used in LIBS sim-
ulation in vacuum. In addition, many other problems
such as heat conduction through the target and plasma
formation, expansion, shielding, and emission must be
considered. We have developed a professional package of
codes called Dalian University of Technology Package for
Laser Ablation and Plasma Simulation (DUT-LAPS) to
handle these issues. DUT-LAPS was developed to simu-
late i) the laser ablation of target samples, ii) LIBS, iii)
the dynamics of the plasma plume, and iv) damage to
the tokomak wall due to plasma interaction [39).

Using DUT-LAPS, we developed a model and evalu-
ated it experimentally for nanosecond laser ablation of
W on the basis of the more likely phenomenon of explo-
sive partial sublimation of a superheated irradiated zone
and the resulting formation of a rarefaction wave that
propagates through the vacuum. Many other aspects of
LIBS simulation are under study according to this new
model using DUT-LAPS. However, much elaboration by
the LIBS community is required to obtain a very clear
picture of LIBS mechanisms and the many complicated
phenomena involved.
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Fig. 14 Effect of a magnetic field on the laser-induced plasma plume in TEXTOR [35].

5 LIBS study of linear plasma generators

The Magnum-PSI device is the largest linear plasma
simulator for plasma surface interaction at the FOM
Institute DIFFER. This device was built to reproduce
the plasma conditions expected in the divertor of fu-
ture fusion devices, both in the steady state and during

Cong Li, et al., Front. Phys. 11(6), 114214 (2016)

transient events, such as edge localized modes (ELMs)
[40, 41]. Li et al. [42] developed an in situ LIBS system
for analysis of samples immediately after plasma expo-
sure in the target exchange chamber of Magnum-PSI.
Elemental depth profiles can be extracted from the mea-
surements. Deuterium retention inside both pure and
lithiated tungsten was investigated in Magnum-PSI by in
situ LIBS. After deuterium plasma exposure, deuterium
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Fig. 15 (a) Locations of the samples selected for LIBS (red) and SIMS (blue) studies in the inner divertor of JET; (b)
layered structure of the studied samples [37].
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fluence of 5 J-cm™2. Solid profiles are determined directly from the normalized line intensities; dashed profiles represent the
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retention could be saturated in the lithiation layer, and
the lithium in the lithiated layer is chemically bound 1500
with deuterium (Fig. 17). As the D fluence increases from He
1.9 x 10%° to 6.2 x 10%° m~2, the D retention was satu-

rated for both the pure and lithiated W samples. More- =
.. e 2 1000
over, the Li intensities decreased after D plasma exposure i‘; Wi
and then remained stable owing to the balance between Z
Li erosion and redeposition. The D and H signals of lithi- 2 500 Wi

ated W are significantly more intense than those of pure

W.
Piip et al. [43] and Paris et al. [44] studied the el- M

emental depth profiles of tungsten-coated samples and 04 : ‘ : ‘ : ‘ : ‘
diamond-like carbon samples that were exposed to 655.5 656.0 656.5 657.0 657.5
Magnum-PSI or Pilot-PSI plasma using the steady-state Wavelength (nm)

and ELM-like regimes (Fig. 18). These results can be

valuable for the application of LIBS as a diagnostic tech- Fig. 17 LIBS spectrum of lithiated W after D plasma
nique for PFCs in fusion reactors. exposure (D fluence, 6.2 x 10% m~2) [42].
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Fig. 18 In situ and post-mortem LIBS elemental depth
profiles of samples [43].

Li et al. [45] developed an in situ LIBS diagnostic sys-
tem in a cascaded-arc plasma simulator called DUT-PSI
to chemically image the three-dimensional distribution
of lithium and impurities on the surface of the lithiated
tungsten codeposition layer. The results indicate that
lithium has a strong ability to draw hydrogen and oxygen
(Fig. 19). The impurity components from the codeposi-
tion processes exhibit greater intensity on the surface
of the codeposition layer. This work improves the un-
derstanding of the tungsten lithiation mechanism and is
useful for applying LIBS as a wall-diagnostic technique
for EAST.

6 LIBS experiments in tokamaks

A number of investigations in which the EAST divertor
tiles and first wall were characterized using LIBS have

oy

3
@ fl
52 <

0

X axis (mm)

o
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0.08398
0.09480
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been performed in the laboratory since the 2012 experi-
mental campaign. The results indicated that the fuel (D)
retention and impurity codeposition can be measured us-
ing LIBS at depths from 0.1 to 500 pm in the deposited
layer. In the current investigation, an in situ LIBS system
was installed in EAST in the 2014 experimental cam-
paign (Fig. 20). The LIBS system consists of a pulsed Q-
switched Nd:YAG laser (Brilliant Eazy, Quantel) and a
LIBS2500+spectrometer (Ocean Optics Inc., U.S.). The
laser was operated at a wavelength of 1064 nm with a 5
ns pulse width at a repetition rate of 10 Hz and power
of 180 mJ/pulse. The laser beam was focused on the
wall surface on the high-magnetic-field side with a laser
power density of 2 x 10'2 W-m~2 to generate plasma via
a 3.0 m focal length quartz lens mounted at the H port of
the EAST device. The ablated plasma light emission was
collected in a direction nearly perpendicular to the target
surface by a telescope optical system and guided into an
optical fiber bundle coupled to the spectrometer, which
has seven linear silicon CCD array detectors. This made
it possible to analyze the LIBS emission at wavelengths
of 200 to 920 nm at a spectral resolution of 0.06 nm using
a single laser pulse. A few small (10x10x3 mm?®) marked
tiles made of Mo, W, Mo+W, C+Mo, C+W, and La+W
materials were mounted on the wall surface on the high-
field side for LIBS analysis. The overview LIBS spectra
of the marked tiles after exposure for a total of 47 441
shots as well as the Li wall conditioning are plotted in
Fig. 21. The spectral signals of multiple elements (D,
H, Li, Mo, W, Ti, La, Fe, and Si) were observed in situ
using LIBS. In addition to the signals from the substrate
materials of Mo, W, C, and La, the observed signals of
D and H came from the fuel (H was used for isotope ex-
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Fig. 19 Chemical imaging of two-dimensional distribution of elements on the surface of lithiated W with first laser shot

[45].
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Fig. 21 LIBS spectra of Mo—W tile and La—W tile in first
wall measured after shot #47441 of EAST discharge.

change experiments), and the Li signal was caused by Li
wall conditioning. The other peaks of Ti, Fe, and Si were
due to impurities deposited in the Li codeposition layer.
During long-pulse operation of high-confinement plasma
in EAST, Li wall conditioning could play an important
role because Li conditioning would effectively remove H
impurities from the gas phase and reduce H recycling by
the Li/H codeposition processes. The LIBS signals of H
and D in the deposited layer are shown in Fig. 22. On
the basis of Fig. 22, the H/H+D ratio in the deposited
layer was estimated as 34%-38%, which is much higher
than the value (<5%) in the plasma phase. This indi-
cates that Li/H codeposition can significantly reduce the
H/H+D ratio in the plasma phase and enhance long-
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Fig. 22 Spectral signals of Da and Ha in Li/D codeposi-
tion layer after various shot numbers of EAST discharge.

pulse H-mode plasma operation. Figure 23 shows the
depth profiles of the deposited Li and the first wall ma-
terial (Mo) in EAST calculated using the LIBS spec-
tra. These profiles indicate that the thickness of the Li
layer increases with EAST operation time but not lin-
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Li layer and the tile material (Mo).

early because the Li wall conditioning processes differed
from day to day, and the layer would be removed by
the main plasma of EAST as well as ion cyclotron res-
onance frequency discharge cleaning. In summary, an
in situ LIBS diagnostic approach was established for
the first time in EAST. The preliminary results demon-
strate the potential of LIBS for in situ characterization
of D/H retention and Li codeposition on the wall of
EAST.

Experiments were conducted in the TEXTOR
tokamak under neutral pressures of <10™° mbar on
fine-grained pure graphite (EK98) (Fig. 24). Carbon was
a candidate material for the first wall material of ITER
and is still being used in some fusion devices such as
DITI-D. A Nd:YAG laser expanded by a telescope system
was guided into TEXTOR by means of six dichroic
mirrors and was focused by a lens with a focal length of
2.5 m placed before the TEXTOR vacuum window. The
samples were mounted on a rotatable probe holder that
was introduced from the bottom of the device through
a limiter lock system. The spot area determined by
post-mortem surface analysis was 12.6 mm?. The laser
energy in front of the TEXTOR window was 1 J, and
about 92% of the energy could reach the sample. A visible

Cong Li, et al., Front. Phys. 11(6), 114214 (2016)
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Fig. 24 Experimental set-up of laser-induced desorption
spectroscopy (LIDS), laser-induced ablation spectroscopy
(LIAS), and LIBS in TEXTOR [1].

range (365715 nm) spectrometer with high resolution
(k/Dk = 20 000) was employed at the side to detect
the emission spectra over an observation region 1.3 cm
in diameter. A CCD camera with a time window of 20
ms was also employed to monitor the LIB emissions. As
shown in Fig. 25, the LIBS signals were recorded and
analyzed as the TEXTOR toroidal magnetic field was
ramped from 0 to 2.25 T with 21 laser pulses in every
TEXTOR shot before the plasma discharge was ignited.
The first two shots were before the magnetic field ramp
(B =0T), and the last one was in the flattop phase of
the magnetic field (B = 2.25 or 2.4 T). The experiments
were repeated in several TEXTOR shots [1, 46].

7 Conclusion

LIBS can be developed to measure and monitor the com-
position evolution of PFCs in EAST under laboratory
conditions. To date, several aspects have been tested
and explored by various groups. The main emphasis
has been on the effect of the laser parameters and vac-
uum condition, the effect of the magnetic field, and the
method used to enhance the LIBS sensitivity. A LIBS
system has been developed for in situ characterization
of the first wall in EAST since the 2014 experimental
campaigns. These results can be valuable for the appli-
cation of LIBS as an important diagnostic technique for
the PFCs of next-generation fusion reactors.
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Fig. 25 Evolution of carbon lines produced by laser ablation of graphite in TEXTOR with magnetic field: (a) integrated
intensity from spectra and (b) integrated intensity of CII and CIII from CCD images [46].
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