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Laser Induced Breakdown Spectroscopy (LIBS) provides chemical information from atomic and ionic
plasma emissions generated by laser vaporization of a sample. At the ENEA research center, in collabora-
tion with IPPLM, an equipment has been set up to qualitatively and quantitatively determine the chemical
composition of impurities deposited on Plasma Facing Components (PFC). The strength of the LIBS, for its
capability of light elements detection, is fully exploited to determine the deuterium content since this
element can be considered as the best choice proxy for tritium; the latter being is of great importance in
assessing safe conditions to assure the continuous operation in nuclear fusion tokamak.

Here we present the results of the Double Pulse LIBS (DP-LIBS) probing of deuterated samples with
the simultaneous optical detection by medium-resolution and high-resolution spectrometer. Deuterium
emission at 656.1 nm has been detected then the elemental composition has been quantified by applying
the Calibration Free (CF) approach. The obtained results demonstrate that the DP-LIBS technique com-
bined with CF analysis is suitable for the quantitative determination of tritium content inside the PFCs of
next fusion devices like ITER.

© 2017 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

The formation of co-deposited layers in fusion reactors is a
main concern for the safety of the operation, since this formation
involves fuel retention. Methods must be studied allowing for the
by in situ and real time quantitative measurements of deuterium
and tritium trapped on the metallic wall of next fusion devices like
ITER. [1,2].

Among viable techniques, the ablation of ns pulsed laser and
the analysis of plasma emissions sustained by excitation is one of
the most promising. Indeed the process of laser ablation of metals
is complex, since it depends on several factors including the mate-
rial, the environmental parameters and the laser pulse excitation in
terms of pulse energy, time duration, wavelength, and beam qual-
ity [3,4]. In order to obtain satisfactory quantitative analysis, espe-
cially in case of determination of trace elements, it is necessary a
good understanding of the interaction of the sample with the laser
[5]; also the phenomena associated with the laser ablation must be
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carefully considered since the signal is proportional to the density
of the emitting species and definitively to the ablated mass.

LIBS studies in vacuum [6,7] have shown that the multiphoton
ionization provides the initial electrons and plays a very impor-
tant role for the breakdown phenomenon; here the electron free
path well exceed the plasma volume and the electron cascade is
strongly depressed. The DP-LIBS plays in vacuum a crucial role; in-
deed provided that the interpulse delay is of the order of magni-
tude of the ratio between the plasma mean radius and the parti-
cles velocity, the first pulse substantially modifies the local density
of particles facing the second laser pulse favoring the laser plasma
interactions and increasing the ablated mass [8].

The typical laboratory plasmas are characterized by a predom-
inance of the electron impact processes, while the radiative losses
do have a negligible contribution to the plasma kinetics [9]. More-
over the possibility to define a suitable time window for the ex-
istence of a Local Thermodynamic Equilibrium (LTE) is currently
accepted. Accordingly it is possible to define a local temperature T
at each point in space in such a way that the plasma formed by
atoms, ions and electrons, is uniquely described by means of the
number density of electrons and one thermodynamic parameter,
namely the temperature which is assumed to be the same for all
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the species present in the plasma [10]. In LTE, the species density
follows the Saha-Eggert relationship, while the ions and electrons
energy distribution are described by Boltzmann and Maxwell re-
spectively [11]. It is therefore possible to analytically model the
atoms and ions populations, nevertheless their exact computa-
tion critically depend on the partition function, which requires the
availability of a sufficiently complete set of atomic energy levels as
well as an appropriate definition of the ionization potential lower-
ing [10]. Finally once the plasma parameters are completely char-
acterized, the analytical approaches like the Calibration Free and
its variants allow for quantitative elemental determination of major
elements, while the assessment of the attained accuracy for minor
and trace elements still need for further studies [11].

The Double Pulse (DP) technique has been reported as a viable
technique to enhance the LIBS signal in several experimental con-
ditions including the atmospheric air pressure [21] and vacuum
[22]. The mechanisms responsible of the signal enhancement are
mainly related to the modifications in the environment produced
by the first laser pulse, which create the optimal conditions for
the laser target and laser plume interactions of the second laser
pulse. Babushok et al. in [23] discuss various parameters which
characterize both the processes in the target material and in the
gas plasma plume. Mechanisms responsible for enhancement in
nanosecond excitation DP-LIBS at atmospheric pressure are related
to the changes in the environment surrounding the sample caused
by the first laser pulse; consequently the second laser pulse un-
dergoes to lower shielding and a better coupling with the target.
On the other hand in DP-LIBS in vacuum the plasma induced by
the first laser pulse expands almost freely in the absence of coun-
terpressure of the ambient gas, with low density low plasma ab-
sorption, while the second laser pulse is effectively coupled with
plasma.

Several attempts have been made to apply LIBS based tech-
niques to the qualitative and quantitative determination of hydro-
gen and its isotopes content deposited on PFCs as well as to the in
depth analysis [12-17].

In a collaboration work supported by EURATOM and carried out
within the framework of the European Fusion Development Agree-
ment several European laboratories leaded by Malaquias [12] firstly
demonstrated the feasibility of quantitative determination of deu-
terium deposited on metallic sample by LIBS. In this work also an
attempt to apply the Calibration Free method to deuterium code-
posited Plasma Facing Components (PFC) in vacuum is presented
for the first time.

Semerok et al. [13] applied the LIBS to the analysis of tungsten
coated samples, discussing the feasibility of tritium inventory.

To obtain quantitative determination of retained fuel, Gierse et
al. [14] made an experimental estimation of the photon efficiency
for the Balmer « line of deuterium, resulting from laser ablation
on amorphous hydrocarbon layers deposited on tungsten.

Piip et al. [15] analyzed in situ and post mortem deuterated
samples, proposing a novel method for the elemental quantitative
determination based on the normalization of LIBS data as a func-
tion of laser shot number.

Pribula et al. [16] used extended Saha-Boltzmann plot from
neutral, singly and doubly ionized lines of tungsten at short delays
up to several hundreds of nanoseconds for the evaluation of elec-
tron temperature as a mean to improve the quantitative elemental
content determination by CF-LIBS method.

Several conditions must be fulfilled when using the LIBS spec-
trometry for quantitative analytical applications, whose main ob-
jective is to provide quantitative information with high accuracy
and precision. In this case it is required that the ablated material
has a composition similar to that of the sample under analysis; a
simplifying condition is also obtained whenever the plasma is op-
tically thin, since in this case the effect of self-absorption of the ra-
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Fig. 1. LIBS setup.

diation emitted from the plasma itself is avoided [18]. The concen-
tration of sample elemental constituents can be obtained by means
of the calibration curve, i.e. a relationship between the response
and the mass or concentration of the analyte in a given range.
Quantitative analysis by means of calibration curves presents sev-
eral drawbacks mainly related to the effect matrix [19]; in order
to reduce the influence of the matrix, reference samples must be
made with a composition similar to that of the unknown sample.
On the other hand the technique requires the availability of ref-
erence samples with a wide range of concentration, encompassing
that of the analyte in question. Finally a calibration curve is needed
for each one of the elements under study. It is possible to over-
come these problems by using standard-less calibration methods
with special reference to the CF technique; moreover it is worth
mention that the approaches devised for the quantitative determi-
nation of the minor constituents lead to accuracy of the order of
20%, which is well within the requirement put by fusion machines
as for example ITER.

Experimental

The sample used for this work was prepared by coating a
molybdenum substrate with a 1.5 pum thick tungsten layer. Succes-
sively the sample was exposed to D, plasma in the Pilot-PSI de-
vice [20]. The plasma flow was about 16.9 mbar!s~!, correspond-
ing to 4.1 x 1029 ions s—1, the FWHM of the beam about 25 mm and
the exposure time 910, on an implanted area of about 5 cm?. The
surface density of impinging ions was 7.6 x 1026 ions/m? .The en-
ergy of the D ions was determined by the sample biasing and was
40eV; the sample temperature during the implantation was be-
tween 200 °C and 300 °C.

The main components of the used LIBS set up are shown in
Fig. 1. Basic components of the experimental set-up are a twin
laser, a focusing lens and a detection system to spectrally resolve
the collected light; finally, a personal computer is used for signal
processing and data storage.

The excitation source is a solid state laser system (TII LS-2131D
from LOTIS LOT); the flash lamps independently pump two Nd:
YAG rods each of them is capable to produce typical pulse widths
of 972ns at the fundamental wavelength at 1064nm. Two Q-
switched independent resonators leave the user with a complete
freedom for selecting the interpulse delay and pulse energy in the
range from 50m] to 200m]. The laser pulse repetition rate is 10 Hz,
and a single 500 mm planoconvex BK-7 lens is used to focus the
laser beam to ablate the sample.
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Typical experimental setups for LIBS measurements make use
of a single spectrograph, thus are inherently characterized for hav-
ing either a high spectral resolution or a broad spectral range.
Nonetheless in view of analytical application here we require both
a high spectral resolution and a large spectral range, the first
needed to deconvolute the hydrogen and tungsten interfering line
from the deuterium emission, the second needed to have enough
spectral emissions for reliable determination of plasma parame-
ters used in analysis method. This aspect, which is critical for the
present experiment, has been faced by setting up two optical de-
tection systems for the simultaneous acquisition of individual DP-
LIBS spectra from the same laser shot. High and low spectral res-
olution is achieved by two different optical assemblies; the first is
a condenser-fiber assembly allowing for narrow band high resolu-
tion, while the second condenser-fiber assembly is used for broad-
band low resolution measurements.

In lens-fiber configuration, a single 150 mm focal length
planoconvex BK7 lens is coupled into a circular bundle end of
22 individual fused silica fibers. The lens is positioned at 300 mm
from both sample and fiber bundle end for an optimized light col-
lection. The other end of the fiber bundle is configured as a linear
array and is placed in front of the entrance slit of the spectrome-
ter (50 um). The collected light is focused into a 0.55 m focal length
Czerny-Turner spectrograph (Triax 550, Jobin-Yvon) spectrally dis-
persed by a 2400 grooves/mm grating with a spectral resolution of
S8A[A =15,000. The detector is an ICCD camera (DH534-18F, Andor)
with 1024 x 256 pixel array and covers a spectral window of 12 nm.

In condenser-fiber assembly, the optical receiver (ME-OPT-007,
Andor) is placed at 35cm from the sample; the exit of the con-
denser is coupled into a 50 um fused silica fiber. The other end
of the fiber is connected to the entrance port of the spectrometer.
The collected light is focused into a echelle spectrometer (Mechelle
5000, Andor) and detected by an ICCD camera (DH734-18F, Andor).

This arrangement provides both the possibility of well resolv-
ing the hydrogen and its isotopes, while allowing for a better es-
timate of plasma parameters from the many available lines emit-
ted from sample major constituents and spanning over the spec-
tral range from 250 to 800 nm. In the case of the present mea-
sures a reduction of the available range is caused by collecting the
plasma light through a vacuum window not specifically designed
for high trasmittance in the UV region (up to 350 nm). So the UV
emission lines of W and Al are not available for a reliable analysis
of the plasma parameters (temperature and electron density) and
this analysis was performed looking at the emission lines in the
VIS region of the spectrum.

The chamber containing the sample under study is connected
to a vacuum system (Turbolab, Leybold); the pressure inside the
analysis chamber is 10~> mbar. The sample holder is mounted on a
XY translator stage, so that unexposed sample surface can be faced
to the ablating laser.

Result and discussion

The experiments reported in the present paper deal with Dou-
ble Pulse (DP) technique, which has been reported as a viable tech-
nique to enhance the LIBS signal in several experimental conditions
including the atmospheric air pressure [21] and vacuum [22]. Ac-
tually the sample was placed in a vacuum chamber with a residual
pressure of 10> mbar; a careful optimization of the experimental
parameters (interpulse delay, gate duration and gate delay) allowed
optimum compromise between ablated mass and plasma tempera-
ture.

Interpulse delay plays an important role in DP-LIBS signal en-
hancement since it regulates the laser interactions with the tar-
get and the plasma, thus influencing the ablation efficiency and
plasma re-heating processes. For this experiment the delay be-
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Fig. 2. Low resolution LIBS spectrum on deuterated sample with 600 ns delay and
1200 ns gate; the inset shows the 454 nm to 462 nm spectral region of interest for
the tungsten emissions.
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Fig. 3. High resolution LIBS spectrum on deuterated sample (dot experimental data,
continuous line is a best fit); spectrum acquired with 600 ns delay and 100 ns gate.

tween the two lasers was optimized to 300 ns. Two laser pulses
with the same energy content were used; nominal energy for the
first pulse was 200 mJ, the same energy was also used for the sec-
ond pulse, and this corresponds to an optimum value. Fig. 2 shows
a typical low resolution LIBS spectrum from deuterated sample;
here the spectral range is from 200 nm to 900 nm, the delay be-
tween the first laser excitation and detection was optimized at
600 ns, while the detection gate was 1200 ns. Fig. 2 also shows
a UV region scarcely populated by W Il emissions; this is due to
the reduced transmittance of the glass vacuum window. The inset
shows a large S/N (more 20db at 460 nm) in a spectral region of
interest for the tungsten emission, while not enough the spectral
sensitivity and resolution is achieved for the detection of hydrogen
and/or deuterium emission lines.

On the other hand, the high resolution acquisition system has
much higher sensitivity; indeed the same laser shot producing the
signal in Fig. 2 was also simultaneously acquired by the second
system, and the spectrum is shown in Fig. 3 for the 654 nm-
659 nm spectral region; in this case the detection delay was the
same, while the gate duration was 100 ns which is considerably
smaller than that used for the low resolution system (1200 ns); use
of narrow gate with also facilitate the stationarity of the detected
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Fig. 4. Boltzmann plot of DP-LIBS at interpulse delay of 300ns and gate delay
600 ns from the first laser excitation.

emission, reducing problems connected with Ne and Te time de-
pendence.

In Fig. 3 the experimental data are represented by dot, while a
continuous line is a best fit

Actual experimentation showed the simultaneous presence in
the LIBS spectra of H and D lines, where the hydrogen contribu-
tion is due to contamination with sample exposure to the environ-
ment at atmospheric pressure. Previous study in a reduced atmo-
sphere following the time dynamic of the relative contribution of
H and D showed a segregation of the deuterium [23]. This effect,
which is especially relevant in vacuum where the plume expansion
is more pronounced, is consistent with a mass-dependent expan-
sion dynamics and for double pulse experiment suggests the use
of relatively large gate delay to enhance the sensitivity and favor
the analytical determination of deuterium.

Plasma temperature (T.) was determined using the Boltzmann
plot and assuming LTE conditions. Each LIBS spectrum is obtained
from a single laser shot and the experimental line intensity cor-
rected for the spectral efficiency and normalized to the degeneracy
and level lifetime was plotted against the energy of upper level
for each transition. Fig. 4 shows the Boltzmann plot obtained on
the examined sample after the optimization of experimental con-
ditions; the selected analytical lines form a superset of the critical
selection made by Lissovski [20]. The temperature is then calcu-
lated by using straight-line approximation fit to the data, where
the slope of the line is equal to — 1/kT; the resulting estimate for
the temperature is T=6500+/— 250 K.

The electron density was derived from the analysis of Stark
broadened spectral line profile of the D, line at 656.1 nm. Use of
that line has several significant practical advantages since it is op-
tically thin and has a relatively large Lorentzian broadening, thus
ensuring a small error in electron density computation.

The theoretical Stark broadening of the D, line is obtained
by modifying the approximation of Gigosos [24]| to account for
the fact that in the range of electron density between 10" and
107 cm—3 the experimental Stark broadening of Balmer alpha line
of deuterium line is approximately 10% smaller than the corre-
sponding line width of hydrogen [25]. The equation relating the
electron density to the line full with at half area (FWHA) is ob-
tained by using a modified version of the Gigosos broadening co-
efficient and reads as:

Ne = 10" (AApyya/0.499)14713 (1)

Fig. 5. Experimental data (square dot) and Voigt profile (dashed line) of the D,
emission at 656.1 nm.

where Ne is in cm~3 units and the A pwya is expressed in nm.

Line profile of Dy line was recorded with the high resolu-
tion Czerny-Turner spectrograph, then the experimental line pro-
file was fitted with a Voigt profile; here the gaussian contribu-
tion accounts for the instrumental and the Doppler broadening,
whereas the lorentzian contribution accounts for the natural and
Stark broadening.

The instrumental broadening, evaluated from the low pressure
glow discharge lamp (Ne I emission at 650.65nm Oriel 6032),
was found to be ~ 0.030 nm, while the Doppler broadening at
T=6500K, is evaluated to be ~ 0.032 nm. The overall gaussian
broadening, estimated as the result of the convolution of instru-
mental and Doppler contributions, is given by [26]

FWHMgqyssion = (FWHM? )12 =0.044nm (2)

instr

+ FWHMI?)oppler

The gaussian broadening is then inserted as a constant param-
eter in the Voigt fitting function and the lorentzian contribution
was computed by best fitting the theoretical profile with the ex-
perimental lineshape (see Fig. 5).

The lorentzian broadening was about 0.13 +0.06 nm, while the
density was Ne =(1.3+0.6) x 10'6 cm~3. This value is numerically
consistent with the electron density value obtained using the ap-
proximation accounting for ion and electron broadening computed
by using the fractional intensity width of hydrogen tabulated by
Griem [27].

The temperature and the electron density function of the gate
delay are shown in Fig. 6; for delay time ranging from 600 ns
to 1000 ns the electron number density varied from 0.6 x 1016 to
1.4 x 10" cm~3, while at shorter gate delay the too large interfer-
ence between the Hy, and D, lines prevents an accurate N. com-
putation.

A necessary condition for the LTE assumption is the McWhirter
criterion, giving the lower limit for the electron number density to
maintain the energy level populations to within 10% of Boltzman
equilibrium, while competing with radiative processes. Evaluation
for the W I transition at 429.46 nm, AE =3 eV, and at the highest
temperature in this study, the lower limit for Ne is 3.5 x 101> cm~3,
which is lower than the value deduced from Stark broadening. Al-
though the satisfaction of the McWhirter criterion is not a suf-
ficient condition, the existence of LTE is assumed in the follow-
ing. In conclusion Fig. 6 shows that in all the tested experimental
conditions the laser produced plasma complies with the require-
ments of the McWhirter criterion; however the optimal condition
was found at 600 ns gate delay since the LTE condition is reached
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Fig. 7. SEM image of crater produced by DP-LIBS; for this particular case one couple
of laser pulses of 200 +200 m] each was used, with 300 ns interpulse delay.

and the spectrum is still high enough for the identification of the
low weaker W I line emission.

To estimate the power density delivered to the sample, superfi-
cial analysis by SEM is presented. The crater produced by a single
laser shot in double pulse regime is presented in Fig. 7. As can be
seen the crater size has a circular shape; besides crater formation,
thermal effects produce damage and melting fragment are visible
on the border. Considering thermal effects as part of the superfi-
cial sample destruction, the irradiated area extends over a circular
region of approximately 1800 um of diameter. For this particular
example the ablative pulses of 200+ 200 m] resulted in a power
density of 1.8 GW/cm?; it must be noted however that the laser
energy effectively coupled with the target can be substantially less
since the plasma generated from the first laser pulse effectively
shields the second laser pulse. This mechanism strongly depends
on the inter-pulse delay which dictates the laser interactions with
the plasma and influences the ablation efficiency. Finally we ob-
serve that the measured power density is consistent with a stoi-
chiometric ablation of the sample, thus satisfying a basic assump-
tion of DP-LIBS.

Based on previous estimates of the ablation efficiency, the mass
removal is in the order of 20-40ug. It is worth noticing that the
assessment of the ablated material paves the way to a quantitative
estimate of the total amount of deuterium contained in the sample,
once the relative contribution of deuterium is known from the CF
analysis.

Conclusions

The combination of DP-LIBS and Calibration Free analysis has
been used for quantitative analysis of deuterium. Relatively high
ablative energies densities produced limited thermal effect, and
assured for stoichiometric ablation; the results obtained in the
present experiments indicate the possibility to perform deuterium
quantitative determination, and the same technique can also be
applied for the quantification of tritium. The changes in the envi-
ronment produced by double plasma excitation, demonstrate that
the DP technique is an effective method for LIBS signal enhance-
ment. In this case, the plasma produced by the second laser pulse
together with the reheating of the plasma produced by the first
laser, lead to an increase of density particles and of the collision
rates which contribute to populate higher energy states in the
atoms and consequently to an enhancement of the emission in-
tensity.

Changing the surrounding environment of plasmas is a poten-
tial method for improving LIBS sensitivity which eventually can
be combined with other enhancing effects such as magnetic field
present in fusion machines without adding any design complexity.

The matrix effect and the problems related to the surface con-
taminants expected in fusion machines has overcome by using the
calibration free technique; moreover, it is worth mention that the
approach here presented to determine the concentration of mi-
nor constituents shows an accuracy of the order of 20%, which is
within the requirement put forward by fusion machines as for ex-
ample ITER.
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