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In this work we report on the Laser-Induced Breakdown Spectroscopy (LIBS) characterization of the Frascati
Tokamak Upgrade (FTU) first wall (FW) and toroidal limiter after the spring-summer 2019 experimental campaign.
We performed our analysis by using a compact LIBS system mounted on the FTU robotic arm, entering the FTU
vacuum vessel (VV) and measuring the FW elements in-situ. The LIBS system was expressly designed and
developed for this task and, to our knowledge, it represents the first prototype of LIBS mounted on a robotic arm
for analyses inside a tokamak. It allows to perform measurements at 1) atmospheric pressure or 2) in vacuum (down
to 10-2-10-3 mbar) or 3) under gas flux (He, Ne, Ar etc.) and is suitable for 4) single pulse (SP) or 5) double pulse
(DP) LIBS. The LIBS analyses revealed the main chemical components of the stainless-steel FTU FW, Mo and Ti
from the Titanium Zirconium Molybdenum alloy (TZM) tiles of the toroidal limiter. A superficial contamination of
Li, originating from past liquid lithium limiter experiments was also clearly revealed. To simulate a LIBS analysis
of a component of the ITER divertor region we placed a metallic sample at the bottom of the FTU VV through a
sample holder and we measured it with the LIBS system. The stratigraphy of this ITER-like sample, composed of
an Al/D superficial layer 3 m thick (D 5% atomic concentration, Al as proxy for Be) on a W substrate simulates
ITER PFCs in the divertor baffle was detected with high axial resolution (few hundreds nm for each laser shot)
although the D signal from the D emission line at 656.1 nm was found strongly interfering with the corresponding
H emission at 656.28 nm from the environmental hydrogen.
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1. Introduction
Nowadays, many of the diagnostics tools used to
monitor the conditions of the FW in current fusion devices
work by performing ex-situ analyses of PFCs. However, in
the next generation devices, it will be necessary to develop
updated versions of these diagnostics, allowing in-situ
analyses, not needing to remove PFCs from the VV and
without the need for human manipulation. To this respect,
light robotics systems [1], equipped with compact and
low-weight versions of these tools could meet these needs
and minimize the impact on machine operations. These
systems should be minimally invasive and compatible with
operating and maintenance conditions of the devices
(presence of vacuum, high temperature, residual
radioactivity etc.).
Among the eligible diagnostics, suitable to be updated
and miniaturized, LIBS is presently under consideration
thanks to its flexibility and ability to perform chemical
analysis on PFCs and reveal their erosion, the deposition
of dust and tritium monitoring [2] with little or no sample
preparation. LIBS has already demonstrated in-situ
capabilities [3], fast and multi-elemental detection and
availability of miniaturized system.
At present, LIBS systems are installed or are going to
be installed on different fusion machines outside the VV
[4], allowing to study the conditions of the FW during or
in-between plasma discharges. However, these systems are
often limited to sample a relatively small area
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of the FW, optically accessible only through vacuum
windows looking inside the VV.
To allow measurements and analyses on larger areas a
compact and light LIBS system can be installed on a
robotic arm and used during shut-down and maintenance
periods of the fusion device. In conjunction with the
standard systems outside the VV it ensures a full time,
large area LIBS diagnostics tools.
To demonstrate the feasibility of this approach a new,
compact LIBS system, suitable to be mounted on the FTU
robotic arm was developed and tested.
The system measured the FTU FW elements after the
2019 spring-summer experimental campaign and, to our
knowledge, it represents the first LIBS prototype suitable
to operate and to be mounted on a robotic arm of a fusion
device.
The analyses involved the superficial deposits of the
FTU FWmade of stainless-steel (SS) and the TZM toroidal
limiter tiles.
Finally, to simulate the analysis of ITER PFCs from
the divertor region, a small Mo tile, coated with 3 m
thick W-Al-D mixed layer was placed at the bottom of the
FTU VV and measured.

2. Experimental
2.1 The FTU tokamak and the LIBS tool.
FTU is a medium-size high magnetic field tokamak
with major radius 0.935 m, minor radius 0.3 m and
Toroidal Magnetic Field of 8 T [5]. It has a SS (AISI 304

LN) FW and an inboard full TZM toroidal limiter (an alloy
with Mo > 99% and Ti ≈ 0.5%) made of twelve sectors
each one with 30 tiles distributed in five rows of TZM
tiles. FTU is provided with 12 equatorial ports (dimensions
80 x 420 mm2) and 6 vertical ports allowing the view to
the full VV (fig.1).

and allows to create a small chamber that can be pumped
down to 10-2-10-3 mbar through a SS small tube welded to
the rear wall of the cone (fig.2c). In this configuration the
final focusing lens focuses the laser beam at the tip of the
cone on the sample surface with a laser spot of about 500
m. By moving the cone away few hundreds microns from
the sample surface the system can also be used to flux
different gases (He, Ne, Ar, etc) on the sample surface,
still maintaining the focus of the laser beam and
performing LIBS measurements under gas flux [6,7]. The
whole system has dimension of 52 x 34 x 8,6 cm (l x w x
h), weight about 10 kg. The telescopic tube, carrying the
final focusing lens and the cone, can be extended 12 cm
more from its shorter position.

Fig. 1. Panoramic view of the FTU tokamak with the elements
of the AISI304 FW, two equatorial ports and the TZM toroidal
limiter. Highlighted in yellow and red and numbered the investigated areas by LIBS.

Its robotic arm was described in detail in [6], here we
want only to summarize that it consists of a series of
modules connected to each other by motorized “active
hinges” that enter the VV through its equatorial ports by
following specific computer-programmed routines. The
general tasks of the FTU robotic arm resemble those
foreseen for ITER: visual inspection, PFCs replacement,
instrumentation carrier, small object recovery and invessel operation. In FTU these tasks are accomplished by
mounting specific final hinges (end modules) equipped
with the necessary devices.
The LIBS system (fig.2a) was designed and realized
ex-novo in a two-year project. Its detailed design is
reported in [6]. Here we want only to summarize its main
properties and the recent updates performed to make it
more versatile for fusion application.
The laser source is a Nd:YAG double pulse laser ( =
1064 nm, max pulse energy = 70 (+70) mJ, pulse width 10
ns). The optical configuration comprises a system of lens
and mirrors with the final focusing lens (f = 50 mm, Ø =
1” DOF ~ 1 mm) encapsulated and sealed at the base of a
SS empty cone (fig. 2b) in an extensible telescopic
aluminum tube. The collection optics focuses the LIBS
plasma into a bifurcated optical fiber.
Two spectrographs are available at the end of the
optical chain; a full range Andor Mechelle 5000
(resolution  = 5000), suitable to cover the spectral
range between 250 and 800 nm and a Jobin-Ivon TRIAX
550 (resolution  = 50000) suitable to cover a spectral
window of about 10 nm in the UV-VIS-NIR with
increased resolution.
The tip of the cone (fig. 2b) is opened and allocates a
small viton o-ring (fig. 2b, white arrow) Øout ≈ 5 mm
diameter. It can be placed in contact with the target surface
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Fig. 2a). a picture of the compact LIBS system. The ruler is 30
cm long. b) detail of the vacuum cone with the viton o-ring
(white arrow) c) detail of the pumping-fluxing tube (white arrow).

3. Results and discussion
3.1 LIBS measurements of the FTU first wall
LIBS measurements were carried out after the FTU
2019 spring-summer experimental campaign which ended
in late July 2019. After this campaign the VV was leaved
to raise up from the typical operational temperature of 77
K to RT. A dc-glow discharge boronisation procedure was
applied [8], in a throughflow of 90% of helium and 10% of
diborane (B2D6) trying to simulate the expected T codeposition with Be in ITER[9-11]. The VV was then
vented and the equatorial port 6 was opened to introduce
the robotic arm with the LIBS device. The FTU FW was
sampled in different points of the VV (fig.1); in particular:
1) the outer wall of the vessel (the light yellow area in
fig.1), 2) tiles of the toroidal limiter 3) the area of the inner

wall underlying the limiter (the light red area in fig.1), 4)
the bottom of the VV where the ITER-like sample was
placed. The choice of these points gives the possibility to
characterize different materials and dust in FTU and
demonstrates how the device allows to carry out LIBS
measurements along the entire section of the VV. In fig.3
it is shown the LIBS system sampling one of the SS
elements of the FW.
The FW was measured by both applying SP-LIBS laser
pulses of 65 mJ energy, or DP-LIBS pulses of 65 + 65 mJ
energy and interpulse delay 200 ns. SP-LIBS was applied
to reduce the ablation rate, achieving better axial
sensitivity and depth profiling capabilities, DP-LIBS was
applied to enhance the LIBS signal and increase sensitivity
for trace elements. Gate width and gate delay were set to 2
s and 2.9 s in both cases. Multiple laser shots were
applied to each sampled point trying to reveal the
stratigraphy of the deposited layers.

By applying further laser shots, the superficial Li layer
was removed and emission lines ascribable to Fe, Cr, Ni of
the underlying AISI304 SS were detected (fig.5). Anyway,
Li (Mo) lines persisted, because of the well-known effect
of lateral ablation [13].

Fig. 5 LIBS spectrum of the third laser shot in zone 3 of fig.1

Fig. 3 The LIBS device measuring one of the SS elements of the
FTU FW (in area 1 of fig.1)

In area 1 the full-range spectrum of the first laser shot
showed a strong superficial Li contamination witnessed by
the two intense Li I lines at 610.354 and 670.79 nm (fig.4).
This superficial layer prevented a clear detection of the
emission lines of the underlying SS elements and was
ascribed to previous experiments with liquid lithium
limiter in FTU [12]. Moreover a superficial contamination
of Mo was also observed through the detection the Mo I
emission lines at 550.65, 553.3, 557.04 nm (fig.4) and was
ascribed to the erosion of the TZM tiles and re-deposition
of Mo during the FTU experimental campaigns.

It is to be noticed that, despite the recent usage of
liquid Sn limiter in the equatorial port n°1 [14] Sn lines
were not detected in the sampled regions. This effect may
be attributed to the presence of the most intense Sn lines in
the UV range, which was strongly attenuated by the
transmission system.
The detection of H and D was performed through their
D at  nm, H at 656.28 nm emission lines in the
Balmer alpha region of hydrogen isotopes, through the
high-resolution LIBS system. These lines were not
observed in the superficial layers of the sampled points (as
expected because of the boronization procedure and the
superficial deposition of water from the environment) but
they appear (particularly the H line) after few shots, as
witnessed by the sequence of high-resolution LIBS spectra
reported in fig.6, which was acquired contemporarily to
the spectra of fig.4 and fig.5.

Fig. 6 High-resolution depth profiling sequence showing the
inner contamination of H, detected after some laser shots in the
FW.
Fig. 4 LIBS spectrum of the first laser shot in zone 3 of fig.1
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These results are in contrast with previous LIBS
measurements performed on FTU by using a LIBS system
outside the VV still in vacuum and with the boronised
wall, just after the experimental campaign [15]. A possible
explanation for the lack of surface H retention is related to
the chemical reactivity of the superficial Li layer in respect
to H, producing LiH through the following reaction [16]:
2 Li + H2 → 2 LiH

(1)

and the subsequent reactions with water vapour present in
the environment [17]:
LiH + H2O → LiOH + H2

(2)

LiOH + H2O → Li + OH

(3)

+

-

releasing molecular hydrogen and reducing the
concentration of H in the Li contaminated superficial
layer.
Ti I lines at 654.63, 655.42, 655.6, 659.91 nm were
detected and ascribed to the eroded TZM from the limiter
tiles. B was not detected in the FW by monitoring the B I
emission line at 681.95 nm. As in the case of LiH also
diborane reacts with water and oxygen in air [18];
therefore it is supposed that the preliminary boronization
procedure [8] was affected by the successive exposures of
the FW to ambient conditions, which explains the absence
of D and B in LIBS measurements.
Similar results were found while analyzing the LIBS
spectra of the TZM limiter tiles; many Mo I emission lines
were found in the spectral region between 670 and 690 nm
(fig. 7a) together with the Li I line at 670.78 nm.
Monitoring the intensity of the lines as a function of the
laser shots reveals a decrease of the Li I signal and the
constant intensity of the Mo I lines (fig. 7b), demonstrating
the ubiquitous and superficial contamination by Li also on
the limiter tiles.

intensity of Li I and representative Mo I lines as a function of the
applied laser shots.

3.2 LIBS measurements on the ITER-like sample
To demonstrate the possibility of carrying out
measurements and simulate a LIBS analysis on the ITER
divertor region, we placed a metallic sample at the bottom
of the FTU VV by means of the FTU sample introduction
system, that transferred the sample inside the vessel from a
bottom vertical port.
The sample (17.5 x 17.5 x 1 mm) simulates the
expected chemical composition of the superficial layers in
the ITER divertor region, being composed of a thin layer
(3.5 m thick) of Al co-deposited with D (5% atomic
concentration) on a W substrate. Al is a proxy for the
eroded and re-deposited Be from the ITER FW onto the
divertor region [10], D simulates the unburned D-T fusion
fuel deposited, or implanted on the overall ITER FW after
the plasma operations [11] and the underlying W substrate
simulates the ITER divertor tiles exposed to this codeposited material. Measurements have been carried out
on different points of the sample with a DP configuration
(35 + 35 mJ, interpulse delay 200 ns) and a residual
vacuum of about 5∙10-2 mbar. The full-range spectrum
(fig.8) of the superficial Al/D layer revealed the presence
of Al through the strong emission lines Al I at 308.22,
309.27, 394.4, 396.15 nm and Al II at 704.2, 705.66 nm,
D and H through the detection of the cited D,
H lines (the latter from the environmental H) and O, still
from the environment, through the O I emission lines at
777.19, 777.42, 777.54 nm.

Fig. 8) Full range spectrum of the ITER-like sample
superficial layer showing typical emission lines from Al, D/H, O.

Fig. 7a) High-resolution depth profiling sequence acquired
on the TZM tiles showing their contamination with Li. b) LIBS
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In DP configuration 5 shots are required to completely
ablate the superficial layer so the ablation rate was
estimated to be about 0.7 m / shot. H/D were detected
both in the high-resolution spectra and in the full-range
one through the DH line emission, although D was
found considerably interfered with the stronger H line of
H from the environmental hydrogen for the latter fullrange spectrometer.
Fig.9 shows the sequence of the first five shots acquired
with both spectrometers (full range and high res) showing

the evolution of the D / H signal as a function of the
laser shots.

656.28 nm (green line) simulating the D / H contributions to
the sum curve.

The H contribution was found largely predominant
and gave the possibility to estimate the electron density
(ne) through the following formula [20]:

𝐹𝑊𝐻𝐴𝐻𝛼 = 0.549𝑛𝑚 × (

𝑛𝑒
1023𝑚−3

)

0.67965

(3)

where FWHA(H) is the full width at half area of the
H peak (≈ 0.3415 nm), from which ne = 4.97∙1016 cm3.
Conversely, the D pseudo-Voigt peak was found weak
and questionable and its eventual contribution to the whole
spectral signal was evaluated through the following
formula:
𝐼(𝐷𝛼 )(%) =

Fig. 9a) LIBS signal in the Balmer alpha region acquired
with the full-range spectrograph and b) with the high-res
spectrograph. An evident line broadening and signal increase is
observed in the first laser shot in both cases.

𝐼(𝐷𝛼 )
𝐼(𝐷𝛼 )+𝐼(𝐻𝛼 )

× 100

(4)

where 𝐼(𝐷𝛼 ) and 𝐼(𝐻𝛼 ) are the integrated intensities of
the two peaks, from which 𝐼𝐷𝛼 (%) ≤ (2 − 3%)𝐼𝐻𝛼 (%). In
conclusion the D peak was not clearly detected on-site,
except as a shoulder on the overwhelming H  suggesting
that a too high contamination of H in the superficial Al
coating prevented its clear detection .
Further measurements, performed in laboratory on a
different set of ITER-like samples (W85%, N10%, D5%
atomic concentration, 3 m thick on a Mo substrate)
allowed to better resolve the D  H contribution because
of the reduced H contamination, as shown in the following
fig.11:

To separate the D / H contributions to the whole
signal a deconvolution procedure was applied to the highres spectrum of a sample of the same batch, measured exsitu, in laboratory, in DP configuration (65 + 65 mJ,
interpulse, delay 200 ns) by fitting the experimental peak
of the first shot with two pseudo-Voigt functions [19], as
shown in fig.10.

Fig. 11) Fit of the experimental data for the ITER-like sample
without Al (red line) with two pseudo-Voigt peaks at 656.1 (blue
line) and 656.28 nm (green line) simulating the D /
H contributions to the sum curve.

Fig. 10) Fit of the experimental data for a ITER-like sample
(red line) with two pseudo-Voigt peaks at 656.1 (blue line) and
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It is worthy to note that in this sample the laser pulses
were set to a pulse energy of 65 (+65) mJ, whereas
residual pressure was higher (1.310-1 mbar). Moreover the
low retention properties of W [21] in respect to Al had
probably reduced the H superficial contamination allowing
to better resolve the D emission.

4. Conclusions
In this work we reported on a new compact LIBS
system mounted on the FTU robotic arm performing LIBS
measurements inside the FTU tokamak on the overall VV
section.
The device was upgraded to perform measurements
both at atmospheric pressure or in vacuum, and it is also
suitable to perform LIBS measurements with different
background gases (e.g. Ar, He, N2 etc.). The superficial
stratigraphy of the SS 304 LN elements of the VV,
contaminated with Li, Mo, Ti was clearly detected. Li was
found as a consequence of previous experiments with a
lithium liquid limiter, the others as erosion products of the
TZM tiles of the toroidal limiter. A deeper Hcontamination of these PFCs was found by applying
multiple laser shots on the sampled points for an in-situ
stratigraphic analysis. Similar results have been obtained
sampling the above-mentioned TZM tiles of the toroidal
limiter. Boron and deuterium were not detected on the
PFCs, differently from previous measurements performed
with the FTU VV in vacuum and with the boronised wall.
For these reasons it is supposed that the exposition of the
VV to ambient conditions favored the interaction of the
surface layer of lithium with both boron and deuterium,
reducing their concentrations. An ITER-like sample was
placed inside the VV and sampled under vacuum
conditions. D was not clearly observed but it was in
laboratory measurements on a similar sample, suggesting
that a too high contamination of H in the superficial Al
coating prevented its clear detection in-situ. Laboratory
measurements on different samples without Al, but with
the same nominal D content as the ITER-like sample,
demonstrated the capability of the new LIBS system to
trace D at low concentration.
To our knowledge this is the first LIBS compact
system mounted on a robotic arm of a fusion device
performing an in-situ LIBS analysis of PFCs and pave the
way for future applications of LIBS as diagnostics for
fusion.
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