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Abstract: Laser-Induced Breakdown Spectroscopy (LIBS) is one candidate for analyzing the fuel
retention in ITER plasma-facing components during maintenance breaks when the reactor is filled
with near atmospheric pressure nitrogen or dry air. It has been shown that using argon flow during
LIBS measurements increases the LIBS signal at atmospheric pressure conditions and helps to
distinguish the hydrogen isotopes. However, atmospheric pressure might be suboptimal for such
LIBS measurements. The present study investigated the effect of argon or nitrogen gas at different
pressures on the hydrogen H line emission intensity during the LIBS measurements. Laser pulses
with an 8 ns width were used to ablate a small amount of a molybdenum (Mo) target with hydrogen
impurity. The development of the formed plasma plume was investigated by time- and space-resolved
emission spectra and photographs. Photographs showed that the plasma plume development was
similar for both gases, while the total intensity of the plume was higher in argon. Space-resolved
emission spectra also had stronger Hy line intensities in argon. Shorter delay times necessitated
the use of lower pressures to have sufficiently narrow lines for the distinguishing of the hydrogen
isotopes. At the same line widths, the line intensities were higher at lower gas pressures and in argon.
Hy and Mo I line emissions were spatially separated, which suggests that the geometry of collection
optics should be considered when using LIBS.

Keywords: laser-induced breakdown spectroscopy; laser plasma plume; hydrogen isotope detection;
plasma facing components

1. Introduction

The International Thermonuclear Experimental Reactor (ITER) is built with the aim of
achieving the ignition of the deuterium-tritium (DT) fusion plasma and demonstrating the
feasibility of fusion energy by achieving the value of an energy gain factor Q above 10. The
operation of the ITER in the regime, which gives a great amount of fusion energy, results
in the considerable retention of radioactive tritium fuel in the plasma-facing components
of the reactor [1,2]. Therefore, the tritium inventory must be monitored to meet the safety
requirements, and Laser Induced Breakdown Spectroscopy (LIBS) is a method that is
considered a promising tool for this purpose [3,4]. LIBS uses short but powerful laser
pulses to ablate a small amount of investigated material. The ablated material forms
a transient plasma plume emitting light with a spectrum characteristic to the elements
present in the investigated material. The usability of the method for the elemental analysis
of plasma-facing components has been tested in several tokamaks [5-9] and numerous
other studies [3,4].

The wavelength difference between hydrogen isotope lines is 0.06 nm for T« and Dy
and 0.18 nm for Dy and H. The distinguishing of these lines in the LIBS spectra requires
sufficiently narrow linewidths. In the LIBS plasma, the width of hydrogen isotope lines is
generally determined by Stark broadening related to the electron density [10]. This finding
suggests that the LIBS spectra should be acquired at longer delay times after the laser pulse
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when the electron density has become sufficiently small for distinguishing the lines of
hydrogen isotopes. However, the intensity of the isotope lines also decreases at these delay
times [11-13]. Furthermore, the linewidth and intensity values depend on many other
parameters, including gas atmosphere and pressure [13-15]. The optimum conditions for
isotopic line measurements may differ for each of these conditions.

In the ITER, the LIBS method is expectedly used for the tritium retention measurements
during maintenance breaks when the vacuum vessel is at the atmospheric pressure [4]. In
the case of atmospheric pressure nitrogen or air, the intensity of Hy line becomes too low
at the delay times, where sufficiently narrow linewidths could be achieved, while the use
of an Argon (Ar) atmosphere improves the intensity [12,15,16]. The Ar gas can be locally
blown on the investigated sample surface, and the feasibility of this approach has been
demonstrated in the Frascati Tokamak Upgrade (FTU) reactor using an LIBS system built
on a robotic arm [7]. The system can also be used to make LIBS measurements at reduced
pressures [7], which may allow higher hydrogen isotope line intensities at lower linewidth
values [11].

In an earlier work, we used ns LIBS to investigate the time-dependent changes of
hydrogen line intensities and linewidths in atmospheric pressure Ar and N; [12]. Both line
parameters decreased faster in a N, atmosphere while, at the same linewidth values, the
intensity was much lower in Nj. Similarly, a faster decrease in line intensity in N; or an air
atmosphere has also been observed in other studies with different materials and different
laser pulse lengths [8,16,17]. In our study [12], we proposed that the observed lower
intensity in N is caused by a lower plasma temperature and electron density resulting from
the energy losses into N; dissociation and the excitation of many molecular excited states.
In addition, the excited state of H could be quenched more efficiently by N, molecules.
The rate of the latter process is proportional to the density of nitrogen molecules, and the
importance of this effect of N, should decrease at lower pressures. However, the pressure
and type of gas atmosphere also influence the formation and development of the plasma
plume [10,18] and, therefore, may have a more complex influence on the Hy line intensity
and linewidth.

Another observation from our earlier LIBS studies at atmospheric pressures was
the difference in the spatial distribution of Hy and Mo I line intensity, with the Hy line
intensity reaching maximum closer to the Mo target when compared to Mo I lines, which
reached maximum intensity farther away from the target [13]. This effect was present
in all investigated gases (Ar, He and N;) and has also been observed in fs LIBS studies
of Zircaloy-4 where Zr I lines reached maximum intensity farther away from the target
when compared to the D line intensity [11,19]. This non-uniform spatial distribution has
implications for the quantitative determination of elemental composition by the Calibration-
Free LIBS (CF-LIBS) method [20,21], which relies on the spatial uniformity of the emitting
species. Therefore, it is important to find the experimental conditions where the spatial
distribution of H, line and Mo I line intensities is more uniform.

The aim of the present study was to investigate the effect of the pressure of the Ar and
N, atmosphere on the intensity and linewidth of the hydrogen H line. The line intensities
were analyzed at different delay times between the laser pulse and spectral acquisition
and at various distances along the plasma plume development axis. The 2D photos of the
plasma plume at different delay times were also registered to investigate the development
of integral emission and the shape of the plasma plume.

2. Materials and Methods

The investigations were carried out with a Mo disk with a 30 mm diameter and
2.5 mm thickness [12,13]. Similar Mo disks have been used as substrates for W coatings for
plasma exposure studies in Magnum-PSI [22,23]. Mo is used as first wall material in EAST
tokamak [6], as an interface layer between W divertor and carbon substrate in JET [24]
and will be used as a material in in diagnostic mirrors of ITER [25]. The coating contains
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0.5 at. % of hydrogen as a bulk impurity [12]. The percentage of hydrogen on the surface
reached 4.7 at. % due to contamination by air moisture.

Figure 1 depicts the experimental setup that combines features from earlier studies [12,13].
The vacuum chamber was evacuated to a pressure below 10~2 mbar and then filled with
argon or nitrogen with purity class 5.0 to the desired pressure in the 4 to 1000 mbar
range. The pressure in the chamber was measured with a MKS instruments DualTransTM
910 Transducer.

Camera

Spectrometer

Configuration I

- Configuration |

Laser beam
(532 nm, 8 ns, 60 mJ)

X-Y ‘ A
stage T

Mo target

Vacuum chamber

Figure 1. Schematic description of the experimental setup. The distance from the laser entrance
window to the target was 80 cm and from the target to the side window was 30 cm.

The 8 ns laser pulse from a Quantel YG981C Nd:YAG laser was focused a few mm
behind the Mo surface by a lens with a focal length of 150 cm. Such an arrangement was
used to avoid a gas breakdown in front of the target. The laser pulse energy was 60 mJ, and
the corresponding fluence at the target surface was approximately 15 J/cm?. The pulse
repetition rate was 1 Hz. Both the space-resolved photographs of the plasma plume and
emission spectra originating from the plasma plume were collected perpendicular to the
laser beam. The spatially resolved spectra were collected by focusing the plasma emission
on a fiber that was connected to the Czerny-Turner type spectrometer LOMO MDR-23
(1200 grooves/mm grating) coupled with an Andor iStar340T iCCD camera. The apparatus
function of the spectrometer determined by the He-Ne laser line at 632.8 nm was 0.06 nm.
The magnification of this configuration was nearly 1:1, and the fiber diameter of 0.8 mm
determined the spatial resolution of the spectrum recording. The delay time between the
laser pulse and registration of the spectra varied from 0.2 to 10 us. Three spectra were
accumulated for each measurement condition for an improved signal-to-noise ratio.

The plume images were collected by the Andor iStar iCCD camera. A converging lens
was set on the radiation path of the plasma plume to focus and slightly enlarged the image
at the camera (magnification 1.3 times). Three different time series were used, each with
10 different delay times having steps of 50, 200 and 1000 ns and gate widths, respectively,
of 20, 50 and 200 ns [12]. Each photo was the sum of five subsequent laser pulses.

Due to the limited surface area of the Mo sample and the large number of required
measurements, the same spot on the sample was used for measurement series at different
delay times and positions, while a new spot was used at each pressure value and gas
type. First shots on the new surface site were not recorded to avoid the influence of
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surface contamination, having different elemental concentrations and, therefore, the plasma
plume properties.

3. Results
3.1. Plasma Plume Images

Photos recorded at different Ar and Ny gas pressures and at various delay times are
shown in Figure 2. Consistent with other studies [10,26,27], the pressure had a notable
effect on the plume development. At the same time, the effect of the gas type remained
less pronounced. At lower pressures, the plasma plume was more extensive, and the
expansion lasted until the plume intensity diminished to the noise level. In addition,
the plume had a reasonably well-defined front, resembling shockwave expansion, and
the maximum intensity moved at some distance behind the plume front. At increasing
pressures, the plume expansion became more confined, and, at the higher pressures, the
expansion stopped at shorter delay times. At pressures 133 and 400 mbar, the plume
became distorted with an additional bulge at the front of the plume. This distortion was
less pronounced at the highest investigated pressure, 1000 mbar. The position of this bulge
varied from shot to shot, both horizontally and vertically, and complicated the estimation
of the dimensions of the plume. The formation of such features is also observed in other
studies, and one possible cause for this bulge is the absorption of laser emissions in the
gas phase at the front of the plume due to the preionization of the gas by previous laser
shots [28-30]. However, in our study, the effect should be less pronounced due to the lower
repetition rate and focusing the laser behind the target surface. Another possible reason for
the perturbation at the interface of the plume front is the Rayleigh-Taylor instability [31,32].

4 mbar 133 mbar 1 bar

N Ar N2 Ar N2

Figure 2. Photos of plasma plume intensity at different delay times and in Ar and N, environments at
various pressures were recorded with configuration II. Each image was normalized to the maximum
value. The target surface was at the left edge, and the laser beam originated from the right, as shown
in the photo.
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The plume front was defined by the intensity, which was at least 15% of the maximum
intensity of the plume. The development of the plume front is shown in Figure 3 for
Ar and Nj atmospheres at different pressures. At pressures below 40 mbar, the plume
front expanded until at least the distance of 10 mm, which was the maximum distance
determined by the field of view of the camera. At these pressures, the plume expansion was
approximately 15-20% faster in the case of nitrogen. At increasing pressures, the expansion
started to stop at a certain distance, which occurred at somewhat lower pressures in the
case of nitrogen. As discussed in the previous paragraph, a larger scatter in the distance
value of plume front at 400 mbar pressure Ar is related to the formation of the bulge in
the front of the plasma plume. A similar scatter was observed at 133 mbar both in Ar and
N,. The initial plume velocity determined from the slope of the first 3-4 measurement
points of the distance, and the delay time reduced from about 6 mm/us to 3 mm/us with
increasing pressure.

10 &
Ambar’e ¥ Ar  40mbar

— ot — 8

E s ; == - E S ot 40 mbar
- 6 @ ’/' - 6 ’/.- _ —

9 400 mbar 9

c Pra . C 4 /

s 4 o [} / . 400 mbar
g g e

(=] (a]

2 - . 2 ¥
1000 mbar ’ 1000 mbar
0 - T T T T T 0

T T T T T T
2 4 6 8 10 12 2 4 6 8 10 12

0 0
(a) Delay time (us) (b) Delay time (ps)

Figure 3. The distance of the plasma plume front as a function of delay time at different pressures of
the (a) Ar and (b) N, atmosphere. The dashed lines show the theoretical distance calculated according
to the shock model, and the solid line shows the calculation based on the drag model.

The findings are consistent with the results of other studies that have investigated
plume expansion. At lower pressures, the plume front did not stop within the camera
frame. The shock model based on the Taylor-Sedov theory was used to describe the time-
dependent increase in the plume front distance D = &y (Ep/ po)l/ >12/5 [26,31-33]. In this
equation, Ey is the laser pulse energy, po is the background gas density, ¢ is delay time and
o is a constant that depends on the ratio of the specific heats of the gas, which is 1.66 and
1.4 for Ar and Ny, respectively. The parameter &o(Eo/pp)'/° determined by the fitting of
the experimental curves at lower pressures scaled reasonably well with the pg calculated
from the gas pressure. The parameter was approximately 15% larger in N in comparison
to Ar, while the constant ¢y should be approximately 10% larger in Ar. The reason for this
discrepancy remains unclear.

At higher pressures and at longer delay times, there is a change from the shock (blast)
model to the drag model: D = Dy[1 — exp(—pt)] [26,31-33]. In this equation, Dy is the
plume stopping distance, and B is the slowing coefficient, which is related to Dy according
to the relation B = v/ Dy with vy denoting the initial plume velocity. In our study, the
drag model was applicable to the pressures down to 40 mbar. In the case of Ar, the value of
B determined by the fitting of experimental data increased with the pressure from 0.5 to
2.5 us~!, which is consistent with the values calculated from the experimentally determined
Dy and the fixed initial plume velocity of 5 mm/us. The latter value is comparable with the
experimentally determined values. In the case of Ny, the  was higher than the predicted
value. It should be noted that the determination of § was somewhat inaccurate due to the
deviation from the model at shorter delay times and the scatter of experimental data.

The decay of the maximum intensity of the plasma plume at increasing delay times
is shown in Figure 4a for different Ar pressures. Qualitatively similar dependencies were
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observed in N, (Figure 4b), but the intensities were considerably lower in the latter case.
For both gases, the maximum intensities increased with the gas pressure at all delay times
until the pressure of 40 mbar. At shorter delay times and higher pressures, the intensity
was not affected by the pressure as much, while, at longer delay times, above 1 s, there
were no clear trends in the intensity.

100 i 100
Ar
s g 3 » NZ
8 . ) 8 ® ek
> 1049 ..\ Z 104, e 3
‘@ @ 4 mbar ° 2 [
5 40 mbar \ ®s 5 .\ ° .\
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(a ) Delay time (ps) ( b) Delay time (ps)

Figure 4. Delay time dependence of maximum intensity of the plasma plume images at different
(a) Ar and (b) N, pressures. Red—4 mbar; Orange—40 mbar; Green—400 mbar; Blue—1000 mbar.

The ratio of maximum intensities of plasma plume in N, and Ar was 0.44-0.7 at delay
times below 1 ps, and it decreased to 0.1-0.2 at the longest delay times and lower pressures
(Figure 5). At the highest pressures, 400 and 1000 mbar, the ratio remained in the range of
0.4-0.7. Such differences in the plume intensities in Ar and N, were previously found at
atmospheric pressures [12], where they were explained by the dissipation of a large fraction
of laser pulse energy in Nj to the dissociation and excitation of N, molecules. The results of
the present study indicate that this effect influences the formation of plasma plumes at all
investigated pressures. At low pressures, the intensity ratio further decreased in the later
phase of the plume expansion. This change suggests that the plume expansion into the N,
atmosphere resulted in additional energy losses. At higher pressures, the plume expansion
stopped at about 1-2 ps, and the energy losses due to the mixing with N, atmosphere
became smaller.

1
<
X 0.8
2
o)
Ll 0.6
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Figure 5. Delay time dependence of the ratio of maximum intensities in N, /Ar at different pressures.
Red—4 mbar; Orange—40 mbar; Green—400 mbar; Blue—1000 mbar.
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3.2. Determination of Hy and Mo I Line Intensities

The following results are based on the spectra obtained with configuration I (Figure 1).
Examples of the spectra obtained in Ar and N, atmospheres at 4 and 133 mbar are shown
in Figure 6. These spectra feature an H line at 656.28 nm and several Mo I lines, with
a prominent line at 661.91 nm (Figure 6a). There were also several notable lines that
could not be identified based on the data available in openly accessible databases [34,35].
At certain experimental conditions, some of the lines overlapped with the Hy line and
limited the accuracy of the determination of its intensity and Full Width at Half Maximum
(FWHM) (Figure 6b). This problem occurred most notably at short delay times and in the
plume region farther away from the target. The intensity and FWHM of the H line were
determined by fitting the peak at 656.28 nm with the Lorentz profile, while the intensity
of the Mo I line was determined by using the Gaussian profile. The FWHM value of the
Gaussian profile was determined by the apparatus function of approximately 0.06 nm. The
FWHM value of the Lorentz profile of the Hy line was determined by electron density
through the Stark effect. At low pressures or longest delay times, the electron density was
sufficiently small, and the line broadening of the H,, line was also mainly determined by
the apparatus function.

- Delay 2 ps, Position 9 mm g Delay 2 ps, Position 2.5 mm
12 He 4 mbar 133 mbar Mol
656.28 nm MO |
661.91 nm|

4 4

Intensity (a.u.)
[o0]
Intensity (a.u.)

0
653 655 657 659 661 663 653 655 657 659 661 663
(a) (b
Wavelength (nm)

Wavelength (nm)

Figure 6. LIBS emission spectra around the 656 nm H line registered in the Ar and Ny atmosphere
at the (a) pressure of a 4 mbar delay time and a distance of 9 mm showing observed lines and
(b) the pressure of 133 mbar and a distance of 2.5 mm showing overlapping and unidentified lines.
The delay time was kept at 2 ps.

3.3. Spatial and Temporal Distribution of Hx and Mo I Line Intensities

Figure 7 shows the spatial and temporal distribution of the intensity of H line
and the Mo I line at 661.91 nm in Ar and N at different pressures. It should be noted
that, at 1000 mbar, the measurements were made only at delay times starting from 1 ps
because the H line could not be separated from other lines and the background intensity
at shorter delay times due to the considerable broadening and interference from other
lines. The main feature observable from the color maps is the different distribution of the
intensity of the Hy and Mo lines. This difference was already observed in our previous
study at atmospheric pressure [13], but the difference is also evident at lower pressures.
The region with high H line intensity remained closer to the target surface, while the
Mo line intensity reached high values farther away from the target. In addition, the Hy
line intensity decreased monotonically already at the shortest delay times, while Mo line
intensity reached maximum values at the delay times 1-2 ps depending on the gas pressure.
The following reduction in Mo line intensity was also much slower, and, at the highest
pressure, the intensity remained nearly the same for all investigated delay times. As a note,
at the pressure of 133 mbar, the H line intensity diminished faster than at 4 or 1000 mbar,
but its initial intensity was also considerably higher (see Section 3.4).
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Figure 7. Two-dimensional color maps of the Hy and Mo I line intensities as a function of distance
from the target and delay time. The maps are shown for Ar and N at different pressures. Note the
difference in the distance scale at various pressures. White regions show the lack of measurement
results for these experimental conditions.

At lower pressures, the plasma plume expansion was evident from the time-dependent
increase in the distance of Mo emission maximum and its farthest extent from the target. At
higher pressures, there was practically no change in the intensity distribution at delay times
longer than 1 us due to the stopping plume expansion, and the region with strong emission
was smaller. These results are consistent with the observations from the plume photos. In
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the case of Ny, the Hy line diminished much more quickly, and its spatial distribution was
considerably narrower and closer to the target surface.

The spatially different emission of Hy and Mo line intensities can be explained by
different plasma conditions along the plasma plume. The temperature and plasma densities
are expectedly higher in the central region of the plume [29], and this favors the excitation
of the H (n = 3) state responsible for the Hy emission line. At the same time, the Mo atoms
are mostly ionized in the central region of the plasma plume, and the emission of Mo
atomic lines present in the wavelength region around 656 nm originates from the front of
the plasma plume [29].

3.4. Time-Dependence of Hy, Line Intensity and FWHM Values at the Emission Maximum

In the following comparison of the temporal evolution of H intensity in different
gases and at various pressures, the intensities were spatially averaged over the region
where the intensity was more than 50% of the maximum value. FWHM values of the H«
line were also averaged over the same region. Outside of this region, the accuracy of the
line width determination was reduced, especially in the plume region with increased Mo
line intensities, which overlapped with the H line (Figure 6b). As a practical implication,
the LIBS experiments are usually made with a lower spatial resolution to obtain a stronger
signal, and one can expect that this region of averaging gives the largest contribution to the
H, line.

The time-dependent changes in the averaged values of the Hy line intensity and
FWHM are shown in Figure 8. At all pressures, the intensity and FWHM values decreased
with the delay time, and, especially at long delay times, the decrease was faster in N,. At
short delay times, the difference in intensities and FWHM values was less pronounced
between Ar and Ny, and, at 133 mbar, the values were the same in both gases up to the
delay time of 1 us. At these short delay times, the reduction rates, i.e., the speed of the
decrease in line intensity and FWHM values were also higher. The qualitative change in
the reduction rate occurred at about 0.4, 1 and 1.5 ps for the pressures 4, 133 and 1000 mbar,
respectively. The intensity and FWHM values increased substantially in both gases when
the pressure increased from 4 to 133 mbar. With the additional increase in the pressure to
1000 mbar, the intensities remained nearly the same in Ar, while the intensities decreased
in Ny, especially at the later stages of the plume development.

The reduction rate constants k; and k; were determined by fitting the results with
bi-exponential function Ajexp(—kit) + Azexp(—kat). Table 1 shows the reduction rate
constant of the H line intensity ky corresponding to the longer delay times, where the
differences between Ar and N, were most pronounced. The rate constants increased with
the pressures and were 2.4-3 times higher in N». In our previous study [12], the higher
reduction rate constant in N, was explained by the lower plasma temperature and density
and the faster quenching of excited H (n = 3) states by nitrogen molecules. The latter effect
should be proportional to the concentration of Ar and Ny molecules. The reduction in
the pressure by several orders of magnitude resulted only in a two-fold decrease in the
rate coefficient, and this change mainly occurred at higher pressures. The quenching rate
coefficients of Ar and N, are 4 x 10710 cm3/s and 20 x 10719 cm3/s. The density of gas
atoms and molecules in the center of the plasma plume is not experimentally known, but,
in our estimations, we assumed that the gas density in the plume center is an order of
magnitude lower than in the surrounding gas [36,37]. The estimated quenching times
were 0.5 and 0.1 ns at atmospheric pressure and 127 and 25 ns at 4 mbar of Ar and Nj,
respectively. The lifetime of the H (n = 3) excited state was 17 ns. Consequently, the
quenching is expected to become less important under low pressures. The faster reduction
rate of H line intensity observed in N; at low pressures can, therefore, be explained by
the reduction in the plasma temperature and density. The latter complies with the decrease
in the ratio of the maximum plasma plume intensities in N, and Ar at longer delay times
observed in Figure 5.



J. Nucl. Eng. 2024, 5

540

H, intensity (a.u.)

(nm)

=

FWH

100

10

0.1

0.01

1.2

0.6
0.4
0.2

4 mbar
Sooens Ar
—n..““_ ey ey
B
| -
- -9 N2
0 2 4 ¢
Delay time (ps)
_ 4 mbar
It
k, Ar
. b.':._’*_.‘:::::::::::::z:::::tl'\j"“
T T 7
0 2 N °

Delay time (ps)

H, intensity (a.u.)

100

10

0.1

0.01

(nm)

=

FWH

1.2

0.6
0.4
0.2

&'\ 133 mbar
R S Ar
e Ve e o
.
e ~u
[ ] NE
2 4 6
Delay time (ps)
".' 133 mbar
ki
‘.“
%,
Nelree 0 |
_____ -3
2 4 6

Delay time (us)

100

10

0.1

H, intensity (a.u.)
[y

0.01

H

1000 mbar
| ]
o e o . Ar
. e e
.
.. N,
e,
2 4 6

Delay time (us)

{1000 mbar
: ‘o,
'. e
- Ar
1“ = e, )
'\\ ¥ ]
..
—a
g N2
2 4 6

Delay time (ps)

Figure 8. The distribution of Hy line intensity and FWHM along the axis of plasma plume devel-
opment at different pressures of Ar and N,. The delay time was kept at 2 ps. The dashed lines
were obtained by fitting the experimental points with a bi-exponential function, which resulted in a
reasonably good fit.

Table 1. The reduction rate constants ky of the H line intensity were determined at longer delay
times for Ar and Nj. The units are 1/ us.

Pressure
Gas
4 mbar 133 mbar 1000 mbar
0.22 0.27 0.4
0.52 0.75 1.15

3.5. Comparison of Hy, Intensity and FWHM Values

For the quantification of the hydrogen isotopes, it is desirable to use the experimental
conditions that result in the highest possible intensity at a sufficiently narrow line width.
Both the intensity and FWHM values decreased with time as shown in Figure 8, and the
optimum conditions may occur at different delay times for various gases and pressures.
Figure 9 presents the H line intensity as a function of the FWHM value. Each point in
a series determined for Ar and N at a specific pressure corresponds to a measurement
at a particular delay time. The gas pressure had the most decisive influence on the line
intensity at a fixed FWHM. An intense but sufficiently narrow H, line was obtained at
lower pressures. Therefore, the use of lower pressure is advantageous for the distinguishing
of the isotopes. However, the use of LIBS during the maintenance breaks of the reactors
imposes limits on pressure reduction [4].
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Figure 9. The averaged H line intensity as a function of the FWHM value for Ar and N at different
pressures. The dashed lines show the FWHM values corresponding to the isotopic shift in D and
Hor T and D lines. Filled triangles, empty squares and filled rings correspond to the pressures of
4 mbar, 133 mbar and 1000 mbar, respectively. The blue color corresponds to Ar, and the red color to
Nj. The leftmost point for each pressure corresponds with a 6 s delay time for Ar and a 5 ps delay
time for N».

The gas used in the LIBS measurement influenced the intensities at FWHM values
below 0.3 nm, corresponding to longer delay times (Figure 9). This difference became more
pronounced at the increasing pressure as the ratio of intensity vs. FWHM slopes between
Ar and N, increased and was approximately 1.3 times at 4 mbar, 1.9 times at 133 mbar
and 2.3 times at 1000 mbar. In our previous study, we compared the relationship between
intensity and FWHM in N, and Ar mixtures at atmospheric pressure (1000 mbar), and
the difference between Ar and N, was considerably larger. The difference is explainable
by the different optical setups used for the LIBS measurements. In the previous study,
the emission was collected from about a 2-3 mm broad region of the plasma plume, and
the same area was used for both gases. In the present study, we collected the emission
from an approximately 1 mm wide region for better spatial resolution. According to the
present results at atmospheric pressure, the size of the emitting region was about 2 mm
in Ar and 1 mm in N,. Even when the average emission intensity at the same FWHM
value is the same for both gases, the total collected emission intensity is higher when the
emission is collected from a larger plume region. Another factor that can influence the Hy
line intensity is the position where the emission is collected. In the case of Ar, the position
of the maximum is at about 1 mm from the target surface, while, in N, the position is at
the target surface. The position where the light was collected was optimized according
to the maximum total intensity in the Ar. At the same distance, the H line intensity was
considerably lower in Nj.

4. Conclusions

The present study investigated the effect of gas pressure in Ar and N, on the plasma
plume and Hy line intensity. According to the plume images, the plasma plume grew
faster and expanded farther at lower pressures, and the plume dimensions were simi-
lar in both gases. The maximum intensity of the plasma emission reached the highest
values with medium pressures, and the intensity was considerably lower in Nj. This
finding is one of the reasons why pressures below atmospheric pressure are beneficial for
intensity measurements.

There was a remarkable difference in the spatial distribution of Hy and Mo I line
intensity. This difference was more pronounced at lower pressures and longer delay times.
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The difference was more significant in N, where the H line intensity reached maximum
values closer to the target surface than in Ar. When the LIBS optical setup collects the
emission along the axis of plume development, the collected emission of Hy and Mo
lines originate at different plasma regions, which have different plasma conditions. This
nonuniform distribution has implications for quantifying hydrogen isotope concentrations
by CF-LIBS, which requires a uniform spatial distribution of the emitting species.

At longer delay times, the Hy line intensity and FWHM values decreased faster
in N, while, at the shortest delay times, the difference was smaller or negligible. This
difference was present at all pressures. Since both the H line intensity and FWHM values
decreased faster in Ny, it was necessary to compare the H, intensity values at the delay
times, which resulted in the same FWHM value. This comparison showed that, at small
FWHM values corresponding to longer delay times, the intensity was clearly smaller in
Ny, but the difference in intensity to the FWHM ratio was less pronounced, especially at
the low pressure of 4 mbar. The results further highlighted the importance of optimizing
the optical setup of the LIBS system for the gas atmosphere because the region with the
highest intensity of the Hy line varied with pressure and gas type.

Lower gas pressure would be advantageous for H isotope measurements due to the
higher intensity of isotope lines at the same FWHM values. However, the pressure must be
reduced several times to have a considerable effect on the intensity. When the pressure is
reduced by pumping the atmosphere in the confined volume of the LIBS system on a remote
arm, such as that used in the FTU, the resulting low-pressure atmosphere contains nitrogen
or air. According to present results, the intensities remained lower in nitrogen even at lower
pressure, and, therefore, the positive effect of lower pressure will be less pronounced.
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