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Hydrogen isotopes retention
studies using laser and microwave
induced plasma coupling

N. Vujadinovic?, I. Traparic?, B. D. Stankov?, D. Rankovic%3, M. Kuzmanovic? & M. Ivkovic*™
The detection of deuterium and tritium retention in fusion devices via optical emission spectroscopy
(OES) faces significant challenges due to experimental limitations, particularly in resolving hydrogen
isotope Balmer alphalines (H,, D, and T ). In this study, we propose and evaluate the coupling of laser
ablation and laser-induced desorption with microwave-induced plasma (MIP) as an approach to resolve
this problem. This approach effectively meets the resolution requirements for Balmer alpha lines,
overcoming limitations of standard laser-induced breakdown spectroscopy (LIBS) setups. Optimization
of Nd:YAG laser ablation was performed using pure copper and tungsten targets, while desorption,
including femtosecond (fs) laser-induced desorption, was studied on graphite powder mixed with
heavy water and water. The results demonstrate a significant improvement in spectral resolution and
analytical performances, highlighting the potential of this technique for tritium retention studies in
plasma-facing components.
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Diagnostics of the fusion plasma reactors are critical for ensuring their safe and proper stable operation. Among
these diagnostics, the hydrogen isotope retention, particularly tritium, in plasma facing components (PFC)
are probably the most important ones!. Techniques such as ion beam analysis (IBA) and thermal desorption
spectroscopy studies (TDS) are highly reliable and commonly used PFC diagnostics methods?-. However, these
methods are constrained to laboratory settings and require complex equipment. Consequently, sections of the
PFC or test targets positioned on various places within the vacuum vessel must be demounted from the reactor
wall® to be analyzed.

To enable in-situ analysis of PFC, laser induced breakdown spectroscopy (LIBS) is used as an effective solution
to overcome limitations of traditional methods. LIBS is a minimally invasive, non-contact technique suitable
for multi-element analysis, including depth profiling, without requiring sample preparation. The technique is
adaptable for vacuum or low-pressure gas environments and has been applied across diverse fields, such as
nitrogen detection in soil’, explosives detection®, olive oil classification®, cadmium detection in drinking waterl?,
and even the identification of malaria biomarkers!'!, bacteria!> or SARS'". LIBS is also commonly used for
analyzing metal purity, alloys, jewelry', archaeological and other samples. Reviews'>~'# and recent studies!*~!
provide comprehensive insights into the advancements of LIBS for fusion applications, particularly its potential
for in-situ diagnostics.

The most important application of LIBS for plasma fusion reactor wall diagnostics is the study of hydrogen
isotope retention, which relies on measurement of their Balmer alpha spectral lines. A significant challenge
in this application is resolving the closely spaced lines caused by the small isotope shift. Even high-resolution
spectrometers struggle to resolve these lines, due to significant Stark broadening under standard LIBS plasma
conditions?2. Partial resolving of a hydrogen and deuterium Balmer alpha lines (with isotope shift of 0.18 nm) has
been achieved in studies using double-pulsed LIBS, where line fitting with a Voigt function was employed!”?>4,
More recently, approaches based on femtosecond (fs) laser ablation®® and fs LIBS*® have been applied to hydrogen
isotope retention diagnostics, demonstrating further advancements in this field>’-32.

The use of the TEA CO, lasers or Nd:YAG in He**~** or filament fs laser LIBS*** demonstrates the possibility
of LIBS to resolve H_ and D_ lines. However, resolving T  lines presents a greater challenge due to the stricter
requirements for low electron density?2. In this study, we propose overcoming these challenges by coupling laser
and microwave-induced plasma (MIP) to achieve the necessary plasma conditions. Two sample introduction

Linstitute of Physics, University of Belgrade, 11080 Belgrade, Serbia. 2Faculty of Physical Chemistry, University
of Belgrade, 11158 Belgrade, Serbia. >Present address: Vinca Institute of Nuclear Science, University of Belgrade,
11000 Belgrade, Serbia. 'email: ivke@ipb.ac.rs

Scientific Reports|  (2025) 15:12589 | https://doi.org/10.1038/s41598-025-96546-x nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96546-x&domain=pdf&date_stamp=2025-4-12

www.nature.com/scientificreports/

methods are employed: laser ablation using an Nd:YAG laser and fs laser-induced desorption, both integrated
with microwave-induced low-pressure plasma.

Experiment

Microwave induced plasma is the primary method used in this research for excitation and resolution of hydrogen
isotope lines. The combination of MIP and laser induced plasma was used earlier for the enhancement of the
LIBS%%7, where the addition of microwaves increased electron density, temperature, and plasma duration and
dimensions. However, this enhancement also increased Stark broadening, making the method unsuitable for
tritium retention studies. In contrast, MIP source operating at atmospheric pressure has plasma parameters*
suitable for resolving D_ and T_ spectral lines, as analyzed in*?. At low gas pressures, MIP achieves even smaller
electron densities’’, minimizing Stark and Van der Waals broadening, making them negligible in comparison
with other broadening mechanisms (Doppler and instrumental). For this study, a Beenakker resonator cavity
with an 8 mm diameter and 14 cm long capillary tube was used, with an optical window and evacuation port
mounted at the end. MIP was generated using an AHF Analysen Technik GMW 24-301 DR 2.45 GHz microwave
generator with a maximum power of 100 W. A double gauge gas regulator and needle valve regulated gas flow
withing the tube. Gas pressure was measured with a manometer, and a mechanical vacuum pump was used for
evacuation and maintaining stable argon gas flow.

The first method used for sample introduction was laser ablation, a widely used technique in analytical
spectroscopy for introducing samples into excitation sources such as inductively coupled plasma (ICP), MIP,
LIBS or mass spectrometry*!~**. For this purpose, we used a laboratory made laser ablation cell, see Fig. 1.
This cell was constructed as an elongation of the capillary tube thus enabling the most efficient transport of
the ablated material into the MIP. The target was placed in a custom built holder with vacuum feedthrough,
allowing rotation to expose fresh target surface area to the laser beam. Ablation was performed using Quantel
450 Nd:YAG (1064 nm, 6 ns pulse duration, 10 Hz maximum repetition rate, 450 mJ maximum energy). Laser
beam was focused with a f= 12.5 cm lens through the window and onto the target. Special cell design enables
irradiation of the target at approximately 45 degrees. Small variation of incident angle enables irradiation at a
variable distance from the center of the target. That way, laser induced plasma radiation, which always propagates
normal to the target surface, does not reach detection system and enables recording of the radiation coming
from the MIP only.

The emitted light from the MIP was collected through an optical window at the end of the capillary
using a collimator (COLL) and guided via fiber optic cable (OF) either to medium resolution spectrometer
Andor Shamrock 303i (with grating 1200 g/mm) or high-resolution spectrometer SOL instruments MS7504i
spectrometer (with grating 1800 g/mm). The Andor spectrometer was equipped with Andor iStar DH720 - 18 F-
63 ICCD camera (256 x 1024 pixels, 26 um pixel size), while SOL instruments spectrometer was equipped with
Andor iStar DH734 - 18 F- 63 ICCD camera (1024 x 1024 pixels, 13 um pixel size), that were used as detectors.
Delay and gating of cameras were controlled with external digital delay generator (DDG, Stanford Research SRS
535), which was triggered with the signal for opening of a Nd:YAG laser Q switch. It should be noted that the
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Fig. 1. Experimental setup for laser ablation (using Nd:YAG) and laser induced desorption (using fs Yb:YAG
laser) as methods for sample introduction in microwave induced plasma (MIP). DSO—digital storage
oscilloscope, DDG—digital delay generator, COLL—collimator of the emitted radiation into the fiber, OF—
optical fiber, M—folding mirrors, VAC—vacuuming port, L—focusing lens, OW—optical windows.
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separation of the optical emission signals created by LIBS and by MIP can also be achieved by changing the delay
and gate time of the camera exposure.

The Nd:YAG laser, commonly used for plasma creation, is known to ablate a thick layer of material, making
it unsuitable for analyzing thin films or surface-bound elements. For detecting hydrogen isotopes within thin
surface layers, laser-induced desorption (LID)**-%, often paired with quadrupole mass spectrometry (LID-
QMS)?, is a more suitable approach. To test the feasibility of using MIP as an alternative to the more complex
QMS, a femtosecond Yb:YAG laser (Solar FX200, 1030 nm, 150 fs pulse duration, 105 nJ peak energy, 71 MHz
repetition rate, 7 W average power) was employed for laser-induced desorption of hydrogen isotopes. In this
setup, the detection system was triggered by the camera’s internal trigger with a variable exposure time. While
this study utilized the femtosecond laser, laser-induced desorption can also be achieved with other lasers capable
of heating the target without causing significant ablation.

The selected targets for these studies included a copper target for the experiment optimization in terms of
gas pressure, delay time, microwave power and laser energy. A tungsten target was then introduced to verify
the optimized conditions for resolving Balmer alpha spectral lines. Finally, a pill composed of graphite powder
mixed with water and heavy water (D,0), was prepared using a hydraulic press, as previously described in?2. This
pill was tested for both laser-induced desorption and vacuum-induced desorption.

Results

In the investigation of MIP for hydrogen isotope detection, the initial task involved optimizing the transport and
excitation of sample components. Due to the challenges associated with tritium’s radioactivity, most previous
research has focused on deuterated samples as a safer alternative. In this study, tungsten (W) samples containing
incorporated deuterium were analyzed using laser ablation as the method for introducing samples into the MIP.

Laser ablation

The investigation of Nd:YAG laser ablation as a method for introducing tungsten samples with incorporated
deuterium into the MIP proved nearly impossible with our experimental setup. This was due to several factors:
The high reflectivity of the polished samples, the shallow retention of the deuterium and high laser ablation rate.
As aresult, the application of MIP for hydrogen isotopes detection using laser ablation was limited to optimizing
parameters for resolving hydrogen isotope Balmer alpha lines. According to?2, D_and T _ spectral lines can be
resolved only if full width at half maximum (FWHM) of lines is less than 0.056 or even 0.027 nm, depending on
their intensity ratio (1:1 or 1:10, respectively). Furthermore, FWHM:s of the neighbor spectral lines must also be
smaller than the wavelength separation between them and hydrogen isotope lines.

To obtain the best resolving results, using laser ablation, the signal to noise ratio (i.e., line intensities) has to
be maximized by optimizing several experimental parameters, while keeping FWHM as minimal as possible.
For MIP operation, microwave power and gas pressure are the most important parameters. The line intensities
increase with microwave power, but the reflected power also increases. If the reflected power exceeds 15 W, there
is a risk of damaging the microwave generator or overheating the discharge tube. Optimal gas pressure, which
corresponds to the flow rate, must also be determined, as it dictates the time the sample remains within the MIP
resonator cavity for excitation.

Additionally, the dependence of spectral line intensities on laser energy was analyzed, as laser energy
influences the ablation process, specifically the ablated mass and particle dimensions. Although higher energy
increases the ablated mass, it is important to assess whether larger particle dimensions might affect MIP
performance by altering microwave coupling to the plasma or causing particle deposition on the tube walls.

Optimization of gas pressure

The optimal gas pressure range for stable MIP operation was determined by analyzing the maximal intensity
of the Ar I line at 516.22 nm (3s23p°(*P%/,)4p - 3s23p°(*P%/,)6d), as shown in Fig. 2a. The Ar I line was used
to establish the optimal gas pressure range since its intensity is independent of the camera recording delay. In
contrast, the intensities of the target lines, such as Cu I, depend on the gas flow rate, which determines when the
ablated material reaches the plasma.

From Fig. 2b, the optimal gas pressure range for stable MIP operation was between 15 and 20 mbar.

The optimal gas pressure can be determined using the most intense spectral line, the Cu I line at 521.82 nm
(3d1%4p > 3d1°4d). Since this line is susceptible to self-absorption, its optical thickness was evaluated. The Cu I
lines at 515.32 nm (\,) and 521.82 nm (A,) belong to the same multiplet (transition 3d'%4p - 3d'%4d) as shown
in Fig. 2a. To assess self-absorption of the 521.82 nm line, the intensity ratio R=1I, /I , , was compared at various
pressures to the theoretical value of R= 0.53 (Table 1)*8. Results indicated no significant self-absorption for all
pressures except at 10 mbar, where the lines exhibited low intensity.

Since the CuIline has a significantly higher intensity at 20 mbar, see Fig. 2b, this line was used in optimization
of several experimental parameters in all further investigations.

Optimization of material transport to the MIP
Gas pressure and flow regulate the duration for which the ablated material remains in the discharge, thereby
influencing the recording parameters (delay and gate times). The delay corresponds to the time required for the
material to travel from the target to the resonator cavity, while the gate time determines the duration the material
spends in the discharge zone. An analysis of the optimal delay time is presented in Fig. 3. It should be noted that
for this and all further analyses the gate was fixed to 10 ms.

Based on Fig. 3 it was concluded that the delay time should be 20 ms and that the 10 ms gate time is
appropriate. During these measurements, microwave power was set to 75 W and laser energy was 250 mJ. The
final spectrum was the accumulated spectrum of 20 laser shots.
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Fig. 2. (a) MIP spectra of a laser-ablated Cu target in Ar at various pressures. Experimental parameters: MIP
power: 75 W, delay: 8 ms, gate: 10 ms, number of accumulations: 20. (b) Selected Ar and Cu line intensities as a
function of pressure.

Pressure (mbar) | R=I, /I, (exp.)
10 0.66
15 0.54
20 0.53
25 0.54

Table 1. Experimental ratios of the intensities of Cu I spectral lines at various pressures.

Optimization of ablated material quantity

The amount of ablated material is directly influenced by the laser energy used. To optimize this parameter, the
laser energy was adjusted by varying the delay between the triggering of the flash lamps and the opening of the
laser Q switch (FLQS). Three energy values were tested: 130, 250 and 430 m]. The resulting graph is shown in
Fig. 4.

With the increase of the laser energy, the intensity of the Cu I line also increases. This is primarily due to
the ablation rate, as when the energy of the laser is higher, the ablation rate is also higher, and more material is
entering the discharge region. Here, the energy of 250 m] was chosen, as for the higher energy, the mass of the
incoming material was too large, which caused the MIP discharge to shut down.

Selection of microwave generator power

Dependence of the line intensity on the microwave power supplied to the cavity (for optimal pressure, delay,
gate and laser energy) was analyzed. Here, four powers were considered (50, 60, 75 and 90 W). Besides supplied
power, the reflected power was also measured. The obtained dependance on the supplied power is shown in
Fig. 5.

The results indicate that increasing the supplied power leads to a corresponding increase in line intensity.
However, the reflected power also rises with higher input power. In Fig. 5, a dashed vertical line marks the input
power at which the reflected power reaches 15 W. Since exceeding this threshold could overheat the source, it
is not advisable to operate beyond this limit. Consequently, 75 W was selected as the optimal power setting to
ensure safe and reliable generator operation.

Spectral resolution requirements for hydrogen isotopes retention studies

After optimizing experimental parameters for laser ablation and MIP operation the potential of this setup for
hydrogen isotopes retention studies was analyzed. For such analysis, the FWHM of Balmer alpha lines should
be less than 0.027 nm if one wants to detect small amounts of tritium in the first wall of future fusion reactors.
The first step in this direction was to assess the instrument broadening on the spectral lines’ widths. Given the
negligible Stark broadening at low MIP gas pressures (Ne~ 102 cm~), and the electron temperature between
2000 and 3000 K, we can safely assume that the major influence in the line broadening comes from the Doppler
and instrument broadening. To determine the instrumental FWHM of device, the recorded Cu I line at 521.82
nm from Fig. 2 was fitted with a Gaussian function. The resulting FWHM was 0.27 nm, which greatly exceeds
the goal of having lines as narrow as 0.027 nm. This result is reasonable, considering that medium resolution
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Fig. 3. Optimization of the delay time between the laser pulse and camera triggering by maximizing intensity
of the 521.82 nm Cu I line. Shaded area represents the gate time.

Shamrock 303 imaging spectrograph with the entrance slit width of 50 um equipped with Andor iStar DH720
ICCD camera was used for these measurements.

To reduce the instrumental broadening of the lines, the high resolution MS7504i spectrometer with the
entrance slit width of 30 um equipped with Andor iStar DH734 - 18 F- 63 ICCD camera was used for recording
spectral lines of tungsten. As part of the optimization of the optical system (selection of the spectrometer and slit
width), W target was used to verify whether the W line FWHM is less than 0.04 nm, which corresponds to the
wavelength separation between hydrogen Balmer alpha line at 656.28 nm and W I line at 656.32 nm.

Gaussian fitting of the W I lines (Fig. 6) showed the FWHM of 0.024 nm at 429.46 nm and 0.025 nm at
430.21 nm, meeting the required resolution. This demonstrates that the setup is capable of enabling precise
determination of the H_ line intensity.

Desorption as a method for sample introduction in MIP

To obtain the H, and D, FWHM values and to test whether resolving the D and T_ lines is possible in this
configuration, and for previously determined optimal experimental parameters of 20 ms delay and 10 ms gate
time, 75 W MIP input power and a 30 um entrance slit width of the high resolution spectrometer, a mixture of
graphite powder, heavy water and water, pressed into a pill, was used as the target. In section"Desorption due
to vacuuming", the results of the MIP spectrum for desorption induced by the vacuuming alone are presented,
while in section"Laser induced desorption", the results of desorption induced by fs laser heating in combination
with the vacuum pump are presented.

Desorption due to vacuuming

Due to the composition of the target pill, water and heavy water were not fully bonded to the graphite, resulting
in their evaporation from the target during vacuum pump outgassing. The corresponding MIP spectra with
deuterium and hydrogen Balmer alpha lines is shown in Fig. 7. As can be seen, the lines are narrow and fully
resolved.

Laser induced desorption

As a final step, we examined whether a 1030 nm fs laser with very low energy (100 nJ) could induce desorption
of hydrogen isotopes from the target and introduce them into MIP. Two cycles of heating were performed
and recorded. During target heating, an increase in the D, and H_ line intensities was observed, without a
corresponding increase in their FWHMSs. MIP spectra, after turning off the laser following the second heating
cycle, is shown in Fig. 8. The effect of laser induced desorption is evident: During the cooling of the target, the
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Fig. 4. Dependence of the 521.82 nm Cu I line intensity on the laser energy controlled with FLQS delay, for
the optimal pressure, delay and gate time.

line intensities gradually decrease to the levels seen in Fig. 7, where desorption was induced by the vacuum
pump alone.

As can be noted from Figs. 7 and 8 (6 min after), the ratio of D, and H, peaks remained the same after laser
irradiation, but for other measurements that ratio varies. The target was made with equal shares of D,O (> 99%
purity) and H,O, but there is additional contribution to the H, peak that comes from the desorption of water
vapor from the walls of the discharge tube. The time dependency of the D_ line intensity during both cycles
is shown in Fig. 9. The effects of laser heating and laser induced desorption are clear. The intensity increased
while the laser was active, peaking at the moments when the laser was turned off. After that, intensity decreased
gradually. This confirms that the deuterium comes from laser induced desorption, rather than solely from
outgassing due to the vacuum pump. It should be noted that the intensity from the first measurement is higher
than it should be, because not enough time has passed for the target to cool from the previous test measurements.
The starting value should be close to the one shown in Fig. 7, as that was recorded before the laser heating.

Before proceeding to the estimation of hydrogen isotope line widths, plasma parameters were estimated. The
excitation temperature was estimated from the Boltzmann plot of Ar I lines to be 2600 K. Boltzmann plot is given
in Fig. 10. Complete data for the lines used to obtain the Boltzmann plot can be found in the Supplementary
Table S1.

Given the expected low electron density and negligible Stark broadening for both hydrogen and argon lines,
an attempt was made to estimate the upper limit for electron density. The merging of spectral lines of hydrogen
is a suitable method for this estimation. If the final detectable spectral line of Balmer series is found, then the use
of Inglis — Teller relation?® can give the upper limit on the electron density. The final observed member of the
Balmer series in this study was H-n (9 >2, 383.5 nm), shown in Fig. 11. Assuming N, =N, and that for hydrogen
atoms the effective nuclear charge (z) is 1, the upper limit of electron density Ne~ 6.3 - 10'> cm~> was obtained.
This value is a huge overestimation, since the upper members of the series couldn’t be detected due to the
presence of different molecular bands. For precise resolution of superimposed signals, whether due to electric
noise or molecular bands, more detailed measurements with even higher spectral resolution would need to be
conducted. Regarding Balmer alpha lines, molecular bands close to them have negligible intensities, if they are
present at all, and they have no influence on H /D /T, intensity ratio.

log(Ne + N;) = 23.26 — 7.510gNmaz + 4.5logz (1)
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Fig. 5. Intensity of the 521.82 nm Cu I line and microwave generator reflected power as a function of
microwave generator input power.
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Fig. 6. Gaussian fit of W I lines recorded with high resolution spectrometer with a 30 um entrance slit width.
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Fig. 7. D and H_lines from MIP when the vacuum pump is the sole contributor to the sample’s desorption.

Another approach for determining the electron density is through the Stark broadening of the upper members of
the Balmer series. Since the highest detected member of the Balmer series has the width close to the instrumental
width, and considering the errors during the fitting procedure, it can be estimated that the Stark width of the
Balmer alpha lines doesn’t exceed 0.01 nm. If this value is inserted into the formula for the estimation of line
widths from the higher members of the Balmer series®

15
N, =8-10'8. (ws(nm)) @)

n
Q9

the resulting value, with a", ,= 0.345 (for n=9), would be N,= 1.25 - 10'* cm™, which is a more realistic
estimation than the one obtained by the Inglis — Teller equation.

Finally, to confirm the necessary resolution for the hydrogen retention studies, both lines were fitted with a
Voigt profile (Fig. 12). Gaussian fitting was also attempted, but Voigt profile showed better performance in terms
of wing fitting.

Approximative equation for Voigt profile FWHM?>!

Wy =~ 0.5346WL + /0.2166W?2 + W2 A3)

was used with coefficients obtained from Fig. 12. The resulting line widths are 0.033 nm for D_ line and 0.038
nm H_ line. Although Voigt line widths are correct, the Gaussian and Lorentzian parts are off. Gaussian parts
can be calculated using the equation

Wo — /5 T2 @

where Wp represents the Doppler line width and W7 is the instrumental line width. Doppler broadening
FWHM can be calculated using the equation

Wp :7.16*10_7/\1/%, (5)

where M is the mass of the emitter, given in atomic mass units, and T is the temperature estimated using a
Boltzmann plot of the Ar I lines (Fig. 10). Since the instrumental FWHM was estimated at 0.024 nm, based on

Scientific Reports |

(2025) 15:12589 | https://doi.org/10.1038/s41598-025-96546-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.04 ——Ilaser turned off
| — 1 min after
2 min after
0.84 —— 3 min after
E) | — 4 min after
© —— 6 min after
o 0.6 4
x
Pan)
g 0.4 4
()]
E i

o
N
!

0.0

! ! | |
656.1 656.2 656.3 656.4

Wavelength (nm)

| |
655.9 656.0

Fig. 8. D_ and H_line intensities after heating the target with the fs laser in the second cycle.

FWHM of W I 429.46 nm line from Fig. 6, Gaussian parts of the Voigt profiles are 0.029 nm and 0.034 nm for
D, and H, respectively. Lorentzian parts are then calculated using the Eq. (3), and they are 0.007 nm for both
D_andH_.

* Finally, using the formula suggested in?, the intensity ratio of T, and D, for which both lines could be
resolved was obtained. The critical FWHM at which mentioned lines can be resolved relates to the intensity ratio
R=T /D, through the following formula:

FWHM._., =0.0599 — 0.0388 x 671.765><R ©)

Now, for the determined FWHM of D, 0.033 nm, the theoretical ratio of lines is R= 0.2. Therefore, our proposed
method could resolve D_ and T lines up to the point where D_ is five times more intense than T , or vice versa.

Conclusion

In this work, we explored the coupling of laser-induced desorption and laser ablation with microwave-induced
plasma as an effective method for studying hydrogen isotope retention in plasma-facing components of fusion
devices. The experimental setup was optimized to achieve high spectral resolution, demonstrating great
separation of hydrogen and deuterium Balmer alpha lines, which would theoretically enable the separation
of deuterium and tritium Balmer alpha lines up to the point where D _ is five times more intense than T, or
vice versa. The application of femtosecond laser for desorption facilitated sample introduction into the MIP,
as evidenced by the clear enhancement of the D, line. Under low-pressure MIP conditions, line broadening
effects were minimized, enabling precise isotopic analysis. It should be stressed that stoichiometry problem™,
i.e., whether the H/D ratio in the plasma corresponds to the H/D ratio in the target is under study.

This study presents a significant advancement in the diagnostics of tritium retention, offering a minimally
invasive, high-resolution approach that addresses the limitations of traditional methods such as ion beam
analysis and thermal desorption spectroscopy. The findings underscore the potential of this technique for in-situ
applications in fusion research, contributing to the development of safer and more efficient plasma diagnostics
systems. Future work will focus on scaling this approach for broader fusion reactor applications and extending
it to analyze mixed material deposits.

Currently, this approach is suitable for post-mortem analysis (between experimental campaigns). The
authors are working on a measuring device that will enable the application of this method for real-time in situ
measurements (without demounting the components in tokamak).
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Fig. 9. Time evolution of the D_ line intensity during two cycles of heating and cooling of the target.
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Abstract The analysis of plasma facing components (PFCs) of fusion machines using LIBS (Laser-induced breakdown spec-
troscopy) technique is widely spread throughout fusion community. Difficulties arise when spectroscopic measurements of tritium
retention are performed. Particularly, resolving the deuterium (D) and tritium (7,) Balmer alpha lines becomes a major issue.
Therefore, this study exploits the usage of microwave-induced plasma (MIP) as a potential solution for the aforementioned diffi-
culties. The target material was introduced into MIP via Nd:YAG laser (A = 1.064 pm) ablation, while the spectral signals were
monitored with a high-resolution spectrometer and ICCD camera. Two silicon-based targets were used in experiments. The first Si
target, coated with carbon (C) and exposed to methane (CHy4), was used for optimization of the measurement system. The second
one, coated with C and implanted with deuterium (D), was used for the final measurements. The final measurements suggest that,
with the current setup, the lowest detectable tritium level corresponds to a Ty line intensity of 35-50% of the Dy, line intensity. This
stands, in our opinion, for a promising method, allowing a reliable and fast determination of tritium content retained in the material.

1 Introduction

Generation of enough, non-polluting energy resources stands among major provocations for today’s modern society. Nuclear fusion
is a promising alternative to replace modern coal and gas fired power plants as it is a clean, reliable, and green energy source which
does not leave behind long-lasting radioactive waste. The long journey toward stable reactor and results achieved so far inspired the
construction of tokamak ITER, a project sustained by an world-wide international consortium [1].

Maintenance and diagnostics of plasma facing components (PFCs) represent at this moment a key task in order to ensure the
stable operation of future fusion reactors. During operation, PFCs are exposed to various stresses, heat loads, neutron fluxes, etc.
Among other processes, monitoring the composition of PFCs material and amount of retained fuel in them due to plasma exposure
is important [2—6]. Fuel retention must be monitored because of its impact on fuel efficiency, plasma density, and density of neutral
hydrogen at plasma boundary [2]. Additionally, due to tritium radioactivity, any in situ tritium retention study would need to be
conducted remotely using a robotic arm capable of reaching all positions inside the vessel [7, 8].

Different methods have been applied for analysis of isotope retention. In particular, ion beam analysis (IBA), which can be
realized in setups like nuclear reaction analysis (NRA) or elastic recoil detection analysis (ERDA), is well developed methods
for ex situ investigation of hydrogen isotope retention [3, 9-11]. One should also mention, in this context, the thermal desorption
spectroscopy (TDS) combined with mass spectroscopy to detect hydrogen isotopes [12].

Several authors extended laser-induced breakdown spectroscopy (LIBS) technique to analyze the content of PFC materials,
as documented in dedicated review articles [13—15]. LIBS was also extensively studied as a potential tool for hydrogen isotope
analysis. The main difficulty for this type of LIBS application is Stark broadening of hydrogen lines, which limits the resolution
of the method, especially the resolving of tritium (7y) and deuterium (Dy) Balmer alpha lines. Isotope lines, D, and H,, were
identified but only partially resolved on EAST tokamak, where a custom made in situ LIBS setup was used [16]. Alamri et al. [17]
studied microwave-enhanced LIBS where they have managed to lower the Stark broadening and resolve D, and Hy, lines, but not
fully, which is necessary if one wishes to resolve the Balmer alpha lines of tritium and deuterium. Fantoni et al. [18] studied the
application of double pulse LIBS setup in vacuum for detection of hydrogen isotopes with two Nd:YAG lasers, both working at
fundamental harmonic (1064 nm) and energy of 170 mJ. The obtained Dy and H spectral lines were resolved according to the
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Rayleigh criterion. A superior resolution, i.e., FWHM of Hy, line of 0.05 nm at a helium pressure of 10 Torr and camera delay of
26 ps, was reported by Kautz et al. [19, 20], where they irradiated Zircaloy-4 targets with fs pulses generated by a Ti:sapphire
laser source. Kautz et al. [21] used an orthogonal double pulse scheme in helium atmosphere, illuminated by two Nd:YAG lasers
sources (A = 1.064 pm) to resolve Dy and H, lines. They observed that D line intensity and FWHM increased 30 and 2 times,
respectively, with the increase of He pressure. Trapari¢ et al. [22] studied the resolving of Dy and T lines based on single pulse
LIBS setup with transversely excited atmospheric (TEA) CO, laser on graphite-based targets. The increase of Dy, line intensity with
increase in He pressure was also observed, as in [21], while the optimal conditions for full separation of D, and H, were obtained
in He atmosphere at 40 mbar of pressure and camera delay of 20 s, where the stated FWHM of D, line was 0.038 nm. In [22], the
authors also suggested the plasma conditions necessary for resolving of T, and Dy, lines for available spectrometer.

The unique attempt to date for extending LIBS to direct tritium detection was by Harilal et al. [23], where they used fs laser
ablation to investigate the depth profiling of retained tritium in neutron irradiated Zircaloy-4. However, although H, and Ty, peaks
have been resolved, the widths of the two lines are still too broad for simultaneous detection of all three isotopes.

One should also mention that laser ablation (LA) and laser-induced desorption (LID), were used for material introduction into
different types of measuring devices. Thus, Schweer et al. [24] used LID with a free running ruby laser source coupled to a quadrupole
mass analyzer to monitor the deuterium content in test limiter of TEXTOR and in divertor of JET tokamak in laboratory (after the
samples were demounted from reactor). ITER-graded tungsten samples coated with thin layers of beryllium (Be) and D were used
for LID investigation by Zlobinski et al. [25] to assess the quantity of retained D atoms in the Be layer via mass spectrometry at
FREDIS setup [26]. Recently, Zlobinski et al. [27] performed an in situ analysis of retained fuel at JET, where LID was performed
with a diode pumped ytterbium fiber laser, while detection was conducted with a mass spectrometer. The release of hydrogen isotopes
from thin films and Be coatings using LA and LID was also studied by Yehia-Alexe et al. [28, 29], where the investigation was
conducted by optical emission and mass spectroscopy, respectively.

However, much less work has been done in coupling LA or LID with appropriate plasma sources as a simple and cost-effective
solution for ex or in situ analysis. For example, microwave-induced plasma (MIP) operating at atmospheric pressure [30, 31] has
plasma parameters suitable for resolving D, and T, lines. Moreover, MIP operating at low pressures can have even smaller electron
densities, which further minimizes the Stark and van der Waals broadening effects, resulting in a dominant Doppler and instrumental
broadening effects. This was demonstrated in the work of Vujadinovi¢ et al. [32], where it was shown that LID can serve as a suitable
D introduction method into MIP. The full separation of H, and D, was achieved, while the FWHM of D, line was measured to be
0.033 nm, which provides excellent experimental conditions for accurate resolving of D, and T, lines.

In this work, we investigated whether an improvement for spectral resolving of T and Dy, lines can be achieved through coupling
of LA and MIP. To this aim, LA process was studied and an appropriate experimental setup was proposed to test the depth profiling
potential using targets consisting of layers of C + D and C + CHy4 on Si substrate.

2 Experiment

The setup used in experiments to study hydrogen isotope retention is depicted schematically in Fig. 1. A low-pressure MIP, ignited
inside the capillary tube having an outer/inner diameters of 8/2 mm, was used as the plasma source for excitation and analysis
of characteristic hydrogen isotope Balmer alpha lines. The capillary is attached to the specially made ablation chamber, equipped
with a target rotator mechanism and an entrance window ensuring the laser radiation incidence onto target at~45 degrees. The
residual pressure inside capillary was pumped down to ~ 0.5 mbar, prior to argon filling. The capillary was placed inside a Beenakker
resonator, connected to a microwave power supply (AHF Analyses Technik GMW 24-301 DR 2.45 GHz), generating a power of
maximum 100 W. The material was introduced into MIP via laser ablation with a Quantel 450 Nd:YAG laser source generating
pulses of 1.064 wm wavelength, 450 mJ maximum energy, and 6 ns pulse duration at a frequency repetition rate of 10 Hz. The laser
beam was focused with an AR-coated lens of 12.5 cm focal length onto the target surface.

The light emitted by MIP was collected through an optical window placed at the end of the capillary using a collimator (COLL)
and guided via an optic fiber to a high-resolution spectrometer (SOL instruments MS7504i spectrometer equipped with a grating
1800 g/mm). The spectrometer is equipped with an Andor iStar DH734-18F-63 ICCD camera (1024 x 1024 pixels of 13 pm pixel
size). An external digital delay generator (Stanford Research SRS 535) triggered by the signal commanding the opening of the
Nd:YAG laser Q switch was used for the delay control and camera gating. The separation of the emission processes created by LIBS
and MIP can be achieved by changing the delay time of camera exposure, as LIBS signals are typically on the microsecond-time
scale, while the transport of the ablated material to the MIP takes place over a millisecond-time scale.

Morphological investigation of sample surface was carried out with a non-contact optical profilometer Zygo NewView 7100
(Zygo, Middlefield, Connecticut, USA), equipped with a 5 x magnifying objective and operated in a downward scanning regime. It
covers a vertical scan range of 150 wm with a resolution <0.1 nm, whit possibilities for extension up to 20 mm.

Two silicon-based targets were used in experiments. The first one was coated with a 1-pm-thick hydrogenated carbon layer by
80 W Radio Frequency Magnetron Sputtering (RF MS) from a pure carbon target in a 3 x 10~2 mbar mixture of argon (Ar) and
methane (CH4), flowing with a rate of 20 and 35 sccm, respectively. The second target was coated with a 100 nm layer of C and D
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Fig. 1 Experimental setup for Nd: YAG laser ablation used to generate species for introduction into a microwave-induced plasma (MIP): DSO (digital storage
oscilloscope), DDG (digital delay generator), COLL (collimator of the emitted radiation into fiber), OF (optical fiber), VAC (vacuuming port), L (focusing
lens), and OW (optical windows)

by 190 W Direct Current Magnetron Sputtering (DC MS) in a 1 x 10~2 mbar mixture of Ar and D, flowing with a rate of 5 and 48
scem, respectively.

3 Results and discussion

First, the optimal camera delay time for a fixed gate time was determined, followed by investigation of the ablation rate. It was
important to obtain the lowest ablation rate possible that is still providing the detection with a satisfactory signal/noise ratio. After
that, the optimal MIP power was determined with respect to Hy, line intensity and FWHM.

The plasma temperature was inferred from Boltzmann plot of the Ar I lines, while the electron density was estimated from H,
line by fitting the convolved theoretical Stark broadening profile with instrumental and Doppler widths. The theoretical detection
limit for tritium content in the target was finally estimated on these bases for the given plasma parameters.

Before starting the Ar flow, the chamber was evacuated to the pressure of 0.5 mbar. In [32], it was found that the optimal Ar
pressure for the ablated material transport is between 15 and 20 mbar, so, in this work, the pressure was fixed to 15 mbar for a more
stable MIP operation, but influences of camera delay time and MIP power needed to be investigated again because of the shorter
capillary in the current setup.

3.1 Delay time

We next investigated the time interval when the ablated material from the C + CHy4 target was present in the MIP discharge by
properly adjusting camera delay time. Working pressure affects when the material will be present in the MIP discharge area, and
that determines when the spectral lines are emitted and can be detected. By varying the camera delay time, time interval when the
ablated material is present in the MIP discharge can be estimated.

One mentions here that the CIand C II lines have been observed in [33, 34] by studying laser-generated plasmas on carbon-based
targets, but for superior laser fluences (900 J/cm? in [34]) than reported in this work. However, in a microwave-induced plasma
(MIP) with low electron temperatures, C II emission is unlikely, and no C I lines were detected in our setup either. One possible
explanation could be that the most prominent C I line (247.86 nm) might have been emitted, in our case as well, but was not detected
due to the limited transmission of optical window OW2 (BK?7 glass) used in our setup. Under these constraints, the observation is
possible of C-based molecular bands only, which are expected to be present in MIP, for these rather low electron temperatures.
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Fig. 2 a The (0-0) band spectra of the Swan system and b dependence of the intensity of the band head at 516.5 nm on camera delay time for a fixed gate
time of 5 ms (experimental conditions: p4, = 15 mbar; Ej,s. = 97 mJ; Pyp = 40 W; target: C + CHy)
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The C; molecule’s Swan system (0-0) band (d3T1g — a3TTu) was therefore selected for recording, a relatively intense spectrum,
characterized by a dissociation energy of 6.2 eV, and a rather low excitation energy of 2.4 eV [22].

The (0-0) band spectra of the Swan system are shown in Fig. 2a, while the dependence of the intensity of the band head at
516.5 nm versus camera delay time is given in Fig. 2b. To avoid possible interferences with LIBS spectra, the delay time for the first
measurement was set to 0.5 ms, so the gate time was 4.5 ms. For all other measurements, the gate time was 5 ms.

As can be seen from Fig. 2b, the time it takes for material to reach MIP discharge area is about 10 ms, and is present until 25 ms,
so the optimal time window for spectroscopic measurements is with the camera delay of 10 ms and gate time of 15 ms (shaded area
in Fig. 2b).

3.2 Ablation rate

The proxy target C + CHy4 on Si substrate was next used to estimate the optimal ablation rate. The working regime assumes, as with
the previous section, the use of minimal ablation rate while maintaining good signal to noise ratio. It is generally accepted [35] that
the IR laser radiation absorption in generated plasma plumes mainly proceeds by inverse bremsstrahlung (IB) which follows a A3
dependence. Consequently, the use of the fundamental harmonic (A = 1.064 wm) of the Nd: YAG laser source in our experiments
strongly favors IB and therefore reduces the ablated mass.

The (0-0) C2 Swan band was monitored for the investigation of the optimal laser energy transfer. As can be seen in Fig. 3, the
signal-to-noise ratio for the laser energy of 97 mJ is good, but when the energy decreases to 80 mJ, the intensity of the band decreases
significantly and the signal-to-noise ratio gets worse.

Figure 3 shows that with a decrease in the ablation rate, the intensity of the C, band drops sharply. This may relate to the transport
efficiency of the ablated mass, as less mass is coming to MIP. So, for the optimal laser, energy 97 mJ was selected for further
investigations.
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LIBS signal was monitored to further study the ablation rate by choosing the delay and gate time of 1 and 10 s, respectively.
The spectrometer slit width was set to wg;; = 50 pm in order to capture a stronger signal. Five laser shots were fired onto the same
place, and profilometry measurements were performed on this spot. Signal from Si I 390.55 nm line (35s23p4s — 35%3p?) is given in
Fig. 4, while the corresponding spot profile is shown in Fig. 5. It should be noted that the spot profile has an elliptical shape because
the laser beam (circular shape) hits the target at an acute angle (see Fig. 1). Based on the shot-by-shot line intensities from Fig. 4,
we determine the ablation rate of ~400 nm /shot, as Si I line appears after the third shot at the same spot on the target.

From profilometry measurements, it was concluded that the size of the spot on the target is an ellipse with the largest diameter
of 2.1 mm, and the smallest diameter of 1.1 mm, thus having a surface of 0.018 cm?. Therefore, with an optimal laser energy of
97 mJ and a spot size of 0.018 cm?, we determine that the optimal laser fluence is 5.4 J/cm?.

Profilometry measurements suggest a non-uniform ablation of the target, characterized by the presence of local “hotspots”. It is
assumed that most of the material comes from these spots. Better control of the ablation process is expected with picosecond or
femtosecond lasers [36].

3.3 Optimal MIP power

The influence of power supplied to the microwave cavity was studied from the perspective of FWHM and intensity of hydrogen
Balmer alpha line from the MIP, without laser ablation. Hydrogen atoms were present in the MIP, probably as a residual gas on
the chamber walls, or as moist. The slit of the spectrometer was now set to 20 wm in order to obtain narrower spectral lines. The
dependence of FWHM on MIP power is shown in Fig. 6a while the influence of power supplied on the intensity of H, line is shown
in Fig. 6b.

As can be seen in Fig. 6a, the FWHM of H line fluctuates very little around 0.045 nm with the change of MIP power. Similar
measured hydrogen FWHMs were reported by Jovicevi¢ et al. [37] in the similar experimental setup using MIP source at low
pressure, where authors reported Balmer line broadening with admixtures of Ar and He with 3% of hydrogen.

The intensity of the H, increases with the increase in power supplied by the generator (Fig. 6b), as the plasma column within
the capillary extends further along the discharge tube, increasing the plasma volume. When the power reaches around 50-60 W,
the plasma approaches the section with the optical window and vacuum hose. Therefore, for the purpose of safety of experimental
apparatus, a power value of 40 W was chosen, at which the reflected power was measured to be 3 W.
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Fig. 6 Dependence of a FWHM and b intensity of Hy line on the power supplied to the microwave cavity (experimental conditions: p4, = 15 mbar; w;,
= 20 pm; target: C + CHy)
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3.4 Plasma diagnostics

The excitation temperature was estimated from the Boltzmann plot of Ar I lines to be 3100 K. Boltzmann plot is given in Fig. 7,
and the complete data for the lines used to obtain the Boltzmann plot can be found in Table S1 of the supplementary material.

The estimation of electron density was obtained through the comparison of generated H , line profile using the CS tables [38]. For
computation of the profiles, the gas temperature was set to be 3100 K, which was obtained from the Boltzmann plot, and instrumental
width for the spectrometer slit width of 20 pm was measured with Oriel Penlight Hg spectral lamp to be 0.025 nm. Relative mass,
that includes the effect of movement of ions, was set to = 1 for mixture of hydrogen, deuterium, and argon plasma constituents.
Generated profiles, together with experimentally recorded H, line, are shown in Fig. 8.

From Fig. 8, it is estimated that the most probable plasma electron density is around 2.1 x 102° m™3 as it fits the experimental
measurements the best. For the same FWHM, but with deconvolution of the Balmer alpha spectral line, Jovi¢evi¢ et al. [37] found
that the electron density is around 7 x 10'® m=3. As the deconvolution formulas are not tested well below the electron density values
of 10%° m~3, authors believe that the estimation in this paper is more accurate.

3.5 Detection of D from carbon target

With the optimized camera delay time, ablation rate, and MIP power, the measurements of detection and resolution of H, and Dy
were performed using the C + D target. The measurement with three consecutive laser shots at the same spot is given in Fig. 9.

As the ablation is high at the hotspots, the D, signal is the strongest after the first shot. Since the thickness of deposited D is
100 nm and at the ablation at the hotspots was estimated to be 400 nm, the D, signal decreases substantially with every consecutive
shot.

To improve signal to noise ratio, five accumulations were performed under the same conditions, where each time laser was fired
onto the fresh spot on the target. The result of the accumulations is shown in Fig. 10a. FWHMs of the lines were estimated from
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Fig. 10 a Experimental estimation of FWHM of Hy and Dy lines (experimental conditions: p4, = 15 mbar; Pyyp = 40 W; Ejy50r = 97 mJ; wyyjy = 20 wm;
recordin% window: 10-25 ms; five accumulations) and b theoretical estimation of tritium resolving for current experimental conditions (parameters: N, =
4
c

2.1x10

m=3, Ty =3100K, T, = 3100 K, w; = 0.025 nm and ;2 = 1)

fitting the lines with a Gauss function, but also with human measurement to ensure that the fit values were correct. The estimated

line width from the fit is 0.048 nm for H, and 0.039 nm for D,.

The study by Traparic et al. [22] emphasized that fulfilling necessary conditions for resolving D, and T, required full resolution
of Hy and D, lines, while ensuring the dip between these lines was less than 10% of the smaller peak intensity. As can be seen in
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Table 1 Valley-to-peak ratios for ]IA Rup
different T y-to-Dy, intensity Do
ratios, based on the CS-generated
profiles shown in Fig. 10b 1 0.57
0.67 0.67
0.5 0.76
0.33 0.88
0.16 No valley

Fig. 10a, this condition is more than satisfied, as the dip is less than 4% of the D, intensity. By using the formula for the critical
FWHM of D, at which Dy and Ty, would be resolved [22],

—1.765 %2
Da

FWHM(Dy) = 0.0599 —0.0388 ¢ ¢ (1)

and setting FWHM ., (D) to the experimentally obtained value of 0.039 nm, the critical intensity ratio of T, and D, for which lines
would still be resolved was calculated to be R, = (I74/Ipa)er = 0.35.

The estimation of the resolution power for separating the D, and T, lines was also calculated for Hy, Dy, and T profiles
(Fig. 10b), generated with CS tables in the following way: Stark profiles for H,, Dy, and T, were generated using the CS tables
with the assumption of same Stark width for all three lines. This approximation was discussed in [22] where it was concluded that
it is a valid approximation to make. Then, the profiles were convolved with the corresponding Doppler and instrumental profile,
where temperature used to get Doppler width was one obtained from Boltzmann plot. The corresponding profiles were normalized
to the intensity of H, line, and intensity of 7y was varied between 16% of intensity of D, and the hypothetical case where both
lines would have the same intensity. FWHMs obtained with CS theory are wyy = 0.047 nm, wpy = 0.042 nm, and wr, = 0.041
nm for the assumed electron density of 2.1 x 1029 m~3,

The estimation of the resolution power for separating the Dy and T’ lines is expressed using the factors R. and R,,. Factor R,
defined as

w1 + w2

is commonly used in chromatography to evaluate the resolution of two nearby peaks. This criterion was also used by Almaviva
et al. [39] to evaluate the resolution criterion for Dy—Ty and Dy—H for LIBS plasma at atmospheric pressure in different gas
environments. The peaks are considered resolved if the condition R, > 1 is satisfied. Here, AX represents the separation of the peaks,
while w; and w; are the FWHMs of the lines. Chromatographic resolution assumes Gaussian-profile peaks of equal intensity, so
Eq. 2 was used to calculate the R, factor in a hypothetical case where both lines have the same intensity. For a peak separation AA =
0.055 nm and widths wp, = 0.042 nm and wr, = 0.041 nm, we obtain R, = 1.33, which satisfies the chromatographic criterion for
resolving two nearby peaks. In [39], the authors best reported values were 1.52 for Dy—Hy, and 0.44 for Dy—T . The result reported
in our work may even be a slight underestimation of the actual resolution, as the FWHM of the generated D, profile (0.042 nm) is
larger than the experimentally measured profile (0.039 nm).

Factor Ry, represents the valley-to-peak ratio and is defined as

Lyar ey

= —— 3

R
vp min(/y, I)

where 1,4y is intensity at the minimum point between two peaks and the min(/1, I2) is the intensity of the smaller of the two peaks.
Here, a lower value indicates better resolution, and the criterion for resolving is formulated as R,, <0.8. Valley-to-peak ratio is
especially useful when nearby peaks are not of equal intensity. The R,,, factors corresponding to the profiles from Fig. 10b are given
in Table 1. Based on this criterion, the proposed setup can resolve T and D, lines when the ratio of their intensities is a little less
than 50%.

4 Conclusion

In this work, the possibility of coupling the laser ablation process together with MIP to detect hydrogen isotopes was investigated.
The targets that were used in this study were C + CHy4 target as a proxy for optimization purposes and C + D target for measurement
purposes.

Profilometry measurements together with spectroscopic measurements indicate that the optimal laser fluence, based on the
minimal ablation rate that led to a measurable signal and good signal-to-noise ratio in MIP plasma, is around 5.4 J/em?. Analysis of
Si [ line intensities indicates that the ablation rate was around 400 nm, but profilometry yielded results that indicate that the ablation
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from the surface of the material was not homogeneous, therefore disabling the precise and controlled depth profile measurements.
Further enhancements can be achieved if a picosecond or femtosecond laser (instead of a nanosecond) is employed for laser ablation.

High resolution spectroscopic measurements demonstrated that this setup enables monitoring and detection of tritium in the
fusion-relevant samples. Namely, H, and D, lines are completely resolved, with the intensity of the dip between them being less
than 4% of the weaker line (D). The critical intensity ratio of Ty and D, for which lines would still be resolved [22], based on
the experimentally obtained D, FWHM, was calculated to be R., = 0.35. Tritium and deuterium resolving estimations were also
calculated for line profiles generated with CS tables. For Ty and D, peaks of same intensities, chromatographic resolution power
was calculated to be R, = 1.33, which satisfies the chromatographic criterion for resolving two nearby peaks. For different 7', and
Dy peak intensities, valley-to-peak ratio was used to estimate that the proposed setup could resolve T, and Dy, lines when the ratio
of their intensities is a little less than 50%. These results can be further improved if a spectroscopic system with an even higher
resolution is used.

It should be noted that our proposed method can be applied to monitor hydrogen isotope retention using a specially designed
measuring head for plasma fusion reactor wall diagnostics. A functional model of this head is presented in the work of Ivkovi¢ et al.,
currently under peer review. For deuterium retention studies in fusion-relevant plasma reactors that do not contain tritium, a manually
operated telescopic arm equipped with the measuring head can be used. For tritium retention studies, however, the measuring head
should be mounted on a robotic arm and operated remotely.

It should also be emphasized that the described method is more optimal for resolving deuterium and tritium alpha lines than
many other LIBS setups, including microwave-enhanced LIBS, due to smaller Stark broadening of hydrogen lines in MIP.

Beyond hydrogen isotope retention studies, the proposed method can also be applied for improving accuracy of various analytical
techniques that suffer from poor spectral resolution. In addition, it is much simpler than methods based on laser ablation followed by
inductively coupled plasma mass spectrometry (LA-ICP-MS). While it typically has lower detection sensitivity than LA-ICP-MS,
our method offers an advantage in terms of portability and in situ applications.
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Abstract

Low-pressure laser-induced breakdown spectroscopy (LP-LIBS) offers improved spectral resol-
ution relative to atmospheric pressure operation due to reduced line broadening and may also
improve the signal-to-noise ratio (SNR). However, implementing LP-LIBS for in-situ material
characterization presents significant technical challenges, particularly in maintaining stable LP
conditions during measurements. The aim of this work is to, for the first time, present design,
construction, and validation of a modular LIBS measuring head (MH) specifically engineered for
in situ operation at reduced pressures (1-200 mbar) with adaptable sealing configurations. The
system features three distinct vacuum sealing approaches, interchangeable adapters for various
surface geometries, and the capability for integration with advanced plasma excitation techniques
including high-voltage discharge enhancement. Experimental validation using multiple elast-
omer materials demonstrates effective sealing across diverse surface conditions, achieving pressures
below 1 mbar on smooth surfaces and maintaining stable conditions at 10-20 mbar up to atmo-
spheric pressure during spectroscopic measurements. Spectroscopic characterization confirms the
absence of atmospheric contamination and demonstrates analytical performance comparable to
conventional vacuum chamber LIBS setups. The modular design enables customization for specific
analytical requirements, including spatial confinement, magnetic field application, and discharge-
enhanced excitation schemes. Spectroscopic testing also revailed that the achieved SNR in the MH
with CCD camera is around 3000, while realized discharge-enhanced excitation scheme caused
eightfold increase in Cu I line intensities. This versatile MH addresses critical technical barriers in
LP-LIBS implementation and extends the technique’s applicability to challenging in-sifu analysis
scenarios across materials science, industrial diagnostics, and specialized applications requiring
controlled LP environments including diagnostics of plasma facing components of fusion related
reactors.

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) has emerged as a powerful analytical technique for rapid,
multi-element material characterization with minimal sample preparation requirements [1-6]. The tech-
nique relies on focusing a high-energy laser pulse onto a material surface, creating localized plasma
through laser ablation. Spectroscopic analysis of the plasma emission enables qualitative and quantitat-
ive determination of elemental composition with high sensitivity and spatial resolution. The application
scope of LIBS is vast and diverse, encompassing the analysis of soils [7], organic samples [8—10], explos-
ives detection [11], olive oil classification [12] and many other fields.

© 2026 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Achieving optimal analytical performance in LIBS requires careful control and optimization of
the camera recording time as well as the laser parameters (wavelength, energy, and spot size) [13—

15]. Besides this, a critical parameter influencing LIBS analytical performance is the ambient gas
environment, particularly the pressure at which measurements are conducted. While atmospheric pres-
sure LIBS offers operational simplicity, numerous studies have demonstrated that LP operation (typically
1-100 mbar) provides substantial advantages [16—22]: (1) enhanced signal intensity: reduced gas pressure
decreases collisional quenching of excited states, prolonging plasma emission lifetime and substantially
increasing spectral line intensities [16, 17]; (2) improved signal-to-noise ratio (SNR): lower background
continuum emission at reduced pressures significantly improves detection limits, particularly for trace
element analysis [18, 19]; (3) superior spectral resolution: decreased pressure broadening of spectral lines
enables better resolution of closely-spaced transitions, critical for isotopic analysis and complex spec-

tral regions [20, 21]; (4) reduced matrix effects: lower pressure conditions can minimize self-absorption
effects and improve calibration linearity across wider concentration ranges [22].

Despite these well-documented advantages, practical implementation of LP-LIBS faces signific-
ant technical challenges. Conventional approaches typically require placing samples inside vacuum
chambers, which severely limits in-situ and field applications. This constraint has restricted LP-LIBS
primarily to laboratory settings where samples can be transported and analyzed under controlled
conditions [19, 23].

Several research groups have attempted to address this limitation through innovative instrumental
designs. Portable LIBS systems operating at atmospheric pressure have been extensively developed [24],
offering field deployment capabilities but sacrificing the analytical advantages of LP operation. Gas-
purging methods, where controlled gas atmospheres are delivered to the measurement point through
nozzles or flow cells, represent an intermediate approach [25, 26]. However, these configurations cannot
achieve the optimal pressure ranges (10-20 mbar for many applications) where LP-LIBS demonstrates
maximum analytical performance.

This work addresses these limitations by presenting a comprehensive solution for versatile LP-LIBS
implementation: a modular measuring head (MH) designed specifically for operation at controlled low
pressures (1-200 mbar) with adaptable configurations for various analytical requirements and surface
geometries. The system features three distinct vacuum-sealing configurations optimized for different
surface conditions and pressure requirements and a modular adapter architecture that enables meas-
urements on diverse surface geometries and sample types. In addition, the MH is compatible with
both manual operation using telescopic arms and robotic manipulation systems, and includes provi-
sions to prevent sample contamination and memory effects through the use of replaceable protective
components.

The development approach prioritized practical functionality and experimental validation. Extensive
leak rate testing was conducted across various elastomer materials and surface conditions to character-
ize sealing performance. Spectroscopic validation confirmed the absence of atmospheric contamination
under operating conditions and demonstrated analytical capabilities comparable to conventional vacuum
chamber LIBS setups.

The modular LP-LIBS instrumentation presented in this work also establishes a framework that can
be adapted to specialized techniques for LIBS signal amplification and consequent increase in its ana-
lytical performance. The MH architecture readily accommodates modifications for spatially-confined
plasma generation [27], magnetic field application for emission enhancement [28], and integration
with complementary excitation schemes such as laser-induced fast pulse discharge (LIFPD) [21, 29] or
microwave-induced plasma coupling [30].

The remainder of this paper is organized as follows: section 2 describes the complete LIBS sys-
tem architecture, with detailed focus on the MH design, sealing mechanisms, and system components.
Section 3 presents experimental validation results, including leak rate characterization, spectroscopic
verification of LP operation, and demonstration of discharge-enhanced LIBS within the MH. Section 4
discusses the implications of this work for LP-LIBS applications and outlines potential extensions of
the technology. Section 5 provides concluding remarks on the significance and future directions of this
development.

2. LIBS system design

The complete LP-LIBS system comprises three main components: (1) the MH, which creates and main-
tains the LP environment at the measurement location; (2) the main unit (MU), containing lasers, spec-
trometers, gas handling equipment, and control electronics; and (3) the remote control system (RC),
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Figure 1. Measuring head cross section schematics a) without and b) with additional electrodes. Components: (1) main chamber,
(2) upper body with windows and connections, (3) adapter to the component being analyzed, (4) metallic foil or isolating ring,
(5) isolator, (6) electrode connections used for discharge enhanced LP operation testing, (A) space for complex shape elastomer,
(B) space for O-ring, (G) groove between main chamber and adapter, while (PA) and (PB) are ports that can be used for gas inlet
or vacuuming interchangebly. Vacuuming path is showed with blue arrow and gas flow is shown in red arrow.

enabling operation and monitoring. This modular architecture separates the compact, adaptable MH
from the larger equipment components, facilitating flexible deployment strategies.

2.1. MH construction

The MH represents the core innovation of this work, designed specifically to create and maintain stable
LP conditions during LIBS measurements without requiring sample placement in a vacuum chamber.
The complete assembly consists of three primary components: the main chamber (1), the upper body
with optical and connection ports (2) and the surface adapter (3), as illustrated in figure 1(a).

2.1.1. Main chamber design

The main chamber establishes the controlled LP volume for plasma generation and spectroscopic obser-
vation. In the functional prototype presented here, the internal measurement volume has dimensions
of $5 cm x 4.5 cm, with an outer diameter of 10 cm. This relatively compact design enables opera-
tion in confined spaces while providing sufficient volume for plasma evolution without significant wall
interactions.

The chamber incorporates several critical design features: (1) protective components: a 5 mm annu-
lar rim at the upper adapter interface accommodates easily replaceable metallic foil, glass, or ceramic
rings (component 4 in figure 1(a)). These protective elements serve dual purposes: (a) preventing plasma
propagation to sealing components at the chamber bottom, and (b) minimizing deposition of ablated
material on chamber walls that could cause memory effects and compromise measurement accuracy; (2)
vacuum/gas ports: two strategically positioned ports (PA and PB) enable vacuum pumping, controlled
gas supply, and pressure monitoring. The specific roles of these ports depend on the selected sealing
configuration (detailed in section 2.1.3); (3) sealing grooves: a 30 mm deep, 5 mm wide primary groove
(G) between the main chamber and adapter, along with two smaller grooves (A and B) at the cham-
ber bottom, accommodate various elastomer configurations for different sealing strategies and surface
conditions.

The modular design philosophy extends to dimensional scalability. For applications requiring ana-
lysis of larger or smaller components, the adapter (component 3 in figure 1(a)) can be redesigned while
maintaining compatibility with the main chamber. This approach enables a single main chamber/upper
body assembly to serve diverse analytical requirements through adapter exchange.

2.1.2. Upper body and optical configuration
The upper body (component 2 in figure 1(a)) is based on a standard DN63 vacuum flange and provides
all optical access and auxiliary connections. The design features:

3



10P Publishing Meas. Sci. Technol. 37 (2026) 165901 M Ivkovié et al

Figure 2. Upper body of the measuring head schematics: a) side view and b) perspective view. Components: (2) DN63 standard
vacuum connection body, (7) laser port windows/lenses, (8) window tightening screw, (9) fiber ferrules for fiber mounting and
(10) additional ports with M6 metric screw threads.

a) Vacuum (PA) b) Vacuum (PA) o) Ga{;J Ar;!e!
Force
Gas inlet Gas inlet Vacuum
(PB) (PB) (PB)
SURFACE SURFACE % SURFACE i

Figure 3. Versions of the measuring head main body connections to the surface: a) gasket with force applied at the edge—
vacuuming inside groove—PA; b) vacuuming through big groove PA and low pressure gas supply at top of vacuum chamber—PB
and c) high pressure gas through PA and big groove (gas curtain), vacuuming from the top of chamber—PB.

(1) Optical windows: five ports are distributed across the flange—one central and four radially posi-
tioned openings (components 7 in figure 2(a)). The configuration accommodates: two laser beam
entry paths (enabling dual-pulse LIBS), one emission collection path, one illumination/observation
path for endoscopic monitoring, and one auxiliary path for flexibility. All optical windows utilize
double O-ring seals secured with screws, ensuring reliable vacuum sealing while enabling straightfor-
ward window replacement for different wavelength ranges or optical configurations.

(2) Fiber coupling: integrated ferrules (component 9 in figure 2(b)) provide secure mounting for optical
fiber cables, both for laser delivery and emission collection.

(3) Auxiliary ports: four additional M6-threaded ports (components 10 in figure 2) serve multiple
functions: vacuum connections, gas supply lines, high-voltage electrical feedthroughs for discharge
enhancement, aiming beam entrances, or spare capacity for future modifications.

This standardized flange approach facilitates customization while maintaining compatibility with
commercial vacuum components and optical mounts.

2.1.3. Sealing configurations and operating modes

The MHs versatility stems from three distinct sealing configurations, each optimized for specific pres-
sure requirements and surface conditions. All configurations maintain the same main chamber geometry
while varying the sealing approach and gas flow patterns.

Configuration A: simple gasket sealing (figure 3(a))

This configuration employs a thin elastomeric gasket (highlighted in red in figure 3(a)) with inner dia-
meter exceeding 50 mm and outer diameter up to 100 mm. The gasket directly contacts the compon-
ent surface, creating a seal sufficient for operation at moderate pressures (10-100 mbar) or when using
inert gas atmospheres where minor air infiltration is tolerable. Mechanical pressure applied to the MH
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(indicated by arrow in figure 3(a)) compresses the gasket against the surface. Port PB supplies the work-
ing gas while port PA connects to vacuum pump. This straightforward approach works well for relat-
ively smooth, non-porous surfaces and applications not requiring ultra-low pressure or high atmospheric
purity.

Configuration B: differential pressure sealing (figure 3(b))
This advanced configuration addresses analysis of rough or moderately irregular surfaces while maintain-
ing LP capability. The design utilizes two independent sealing zones with differential pressure control:

(1) Outer seal (groove A): a specially-shaped elastomer 118 x 83 x 8.5 mm, (see section 2.1.4 and
figure 3 in supplementary material for details) prevents atmospheric air ingress and working gas
egress. This primary seal accommodates surface irregularities through both material compliance and
extended contact length.

(2) Inner seal (groove B): a standard O-ring limits gas flow from the measurement chamber interior
without directly contacting the analyzed surface. This configuration maintains a pressure gradient:
atmospheric outside, intermediate in groove G, and controlled low pressure in the measurement
chamber.

Continuous evacuation through the primary groove G (via port PA) removes any leaked atmospheric
gas before it reaches the measurement volume. Working gas supplied through port PB establishes the
desired pressure in the measurement chamber.

This configuration proved essential for irregular surfaces where simple gasket sealing could not
achieve adequate vacuum, as demonstrated in section 3.1.

Configuration C: gas Curtain Sealing (figure 3(c))
For applications requiring atmospheric isolation without ultra-low pressure, or when surface contact
must be minimized, this configuration employs controlled gas overpressure.

Gas supplied through port PA at pressure slightly exceeding atmospheric creates an outward flow that
prevents air ingress while the inner O-ring (groove B) limits gas flow into the measurement chamber.
The mass flow controller-manometer feedback loop maintains constant chamber pressure despite con-
tinuous gas consumption.

This approach minimizes contact with the analyzed surface and enables operation on delicate or
contamination-sensitive materials. The configuration is particularly suitable for applications requiring
inert atmospheres at moderate pressures (10-200 mbar) rather than high vacuum conditions.

The insertion of the working gas can be realized through additional ports of the upper body of the
MH (components 10 in figure 2(b)).

Adapter customization
For components with geometries incompatible with the standard MH interface, custom adapters (com-
ponent 3 in figure 1(a)) can be fabricated. The modular design enables adapter shapes conforming to
complex surface geometries, including non-circular cross-sections matching rectangular or irregular com-
ponent shapes, curved bottom surfaces conforming to cylindrical or complex curvatures, extended or
reduced height profiles for optimal positioning relative to optical paths or integrated features for special-
ized plasma confinement or excitation schemes.

The adapter’s upper portion maintains standardized threading for attachment to the main chamber,
while the lower section is customized for the specific application. This approach provides maximum flex-
ibility without requiring multiple complete MH assemblies.

2.1.4. elastomer requirements and selection
Effective vacuum sealing across diverse surface conditions requires careful elastomer material selection
and geometric optimization. The performance of LP-LIBS measurements depends critically on achieving
and maintaining the target pressure range, making seal quality a dominant factor in system capability.
Material selection must balance multiple factors such as operating temperature range (room tem-
perature to ~100 °C for LIBS applications), pressure differential capabilities (1-1000 mbar differential),
chemical compatibility with working gases and potential contaminants, surface conformability and recov-
ery properties, long-term stability and compression set resistance, as well as assembly and maintenance
requirements.
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Elastomer geometries
Two distinct geometries serve different sealing functions:

(1) Inner seal (groove B): standard O-rings (in this implementation) provide reliable restriction of gas
flow into the measurement volume. The circular cross-section offers excellent sealing with minimal
contact force, reducing potential for surface damage or contamination.

(2) Outer seal (groove A): a custom complex profile (detailed design in supplementary material) optim-
izes two critical functions: adequate filling of the groove depth to establish primary containment, and
extended ‘tail’ section providing prolonged surface contact to enhance sealing capacity despite surface
irregularities.

This specialized geometry cannot be produced from standard O-ring stock. A custom manufacturing
tool was developed to fabricate these seals from various elastomer materials, enabling systematic testing
and optimization.

Elastomer materials
Four elastomer materials were evaluated for sealing performance:

e Silicone rubber (Q): 40 Shore A hardness—excellent flexibility and recovery
e Natural rubber (NR): 45 and 55 Shore A hardness—good general-purpose properties

e Nitrile butadiene rubber (NBR): 70 Shore A hardness—superior chemical resistance

Comprehensive leak rate testing (section 3.1) revealed that hardness is a dominant parameter for rough
surface applications, with the 70 Shore NBR providing optimal performance. For porous surfaces, the
softer 40 Shore silicone demonstrated advantages through enhanced conformability. All sealing compon-
ents use the same 118 x 83 x 8.5 mm dimensions for consistency.

Detailed drawings, photographs of manufactured seals, and the fabrication tool design are provided
in the supplementary material.

2.2. MU and system integration for in-situ operation

While the MH constitutes the primary innovation, the complete LP-LIBS system for in-situ operation
will require integrated support equipment for operation. MU should house all components except the
MH itself, enabling either centralized operation from a control room or field deployment on a mobile
cart.

2.2.1. Essential equipment components
Essential equipment encompases:

Laser System: One or two Q-switched Nd:YAG lasers (for single or dual-pulse LIBS) with power supplies,
beam conditioning optics, and fiber coupling assemblies. The optical train includes beam expanders, spa-
tial filters, and precision alignment mechanisms for efficient fiber coupling while preventing fiber dam-
age (discussed in section 2.2.2).

Detection system: spectrometer(s) equipped with intensified CCD and/or standard CCD cameras,
depending on temporal resolution requirements. For applications requiring high spectral resolution
(R > 20 000), echelle spectrometers provide optimal performance. Segmented spectrometers offer
advantages for surveys requiring broad spectral coverage.

Fiber optic coupling: F-matcher optics transfer emission from collection fibers to spectrometer entrance
slits with appropriate magnification and illumination characteristics.

Gas handling: mass flow controllers, pressure gauges (capacitive manometers for accuracy at low pres-
sure), and control electronics maintain target pressure with feedback regulation. Small gas cylinders (1-
2 1) provide sufficient capacity for extended operation given the low flow rates required.

Vacuum system: compact rotary vane pump (15 m> h™!
valves and pressure monitoring.

capacity sufficient for this application) with
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Power supply systems: AC mains distribution and DC power supplies for all subsystems. Optional high-
voltage DC supply and storage capacitors for discharge-enhanced LIBS modes.

Advanced options: microwave generators for coupled laser ablation/microwave-induced plasma techniques
[30], additional discharge power supplies for alternative excitation modes.

Data acquisition and control: computer system with camera interfaces, spectrometer control software, data
analysis capabilities, and process control for gas handling and safety interlocks.

2.2.2. Fiber optic considerations for laser delivery

Transmitting high-energy laser pulses through optical fibers presents significant technical challenges due
to fiber damage thresholds. Published studies demonstrate permanent damage to hard-clad silica and
plastic-clad-silica fibers at energies as low as few m]J [31]. For the typical pulse energies required for
LIBS (50-200 m]J), two approaches enable safer fiber transmission:

(1) Low-energy operation: core diameters >600 pum with careful coupling optics enable transmission of
20-50 m]J pulses suitable for many LIBS applications [32-35].

(2) Hollow-core fibers: gas-filled hollow waveguides tolerate higher energies through reduced interaction
with solid material [36]. Gas circulation through the fiber bore provides cooling and prevents dam-
age accumulation.

All fiber coupling systems incorporate precision x—y—z positioning stages for optimal beam align-
ment and diverging beam geometry (focus position before fiber entrance) to prevent air breakdown at
the coupling interface.

2.2.3. RC and monitoring

The RC system provides wireless communication between the MH location and operator station, essen-
tial for applications where direct line-of-sight is unavailable or operator presence near the measurement
point is undesirable.

Video monitoring: endoscopic camera system with integrated LED illumination enables real-time obser-
vation of the measurement area, target surface, and plasma generation. The compact camera (7 mm dia-
meter) with 5 m light guide provides adequate resolution (640 x 480 pixels) for targeting and process
monitoring.

System status: wireless displays show critical parameters including pressure, gas flow rates, laser energy,
and spectral acquisition status.

Safety interlocks: remote emergency shutdown capability and automated safety responses to fault condi-
tions (pressure loss, laser interlock violations, etc).

The complete system architecture enables flexible operation modes: fully automated sequences for
routine measurements, manual control for method development and optimization, or hybrid approaches
combining automated measurement protocols with operator oversight.

3. Experimental validation

Experimental testing validated three critical aspects of the MH performance: (1) sealing effectiveness
across various surface conditions and elastomer materials, (2) spectroscopic verification of LP operation
without atmospheric contamination, and (3) analytical capabilities including advanced excitation modes.
These evaluations establish the practical functionality of the proposed LP-LIBS configuration.

3.1. Sealing performance and leak rate characterization
Quantitative assessment of sealing performance provides essential data for optimizing elastomer selection
and predicting operational capabilities across diverse surface conditions.

The MH was connected to a rotary vane vacuum pump (Alcatel 2012 A, 15 m®> h™! pumping speed)
through both PA and PB ports (Configurations A, B and C from figure 3). Pressure was monitored with
a Leybold Heraeus DV 1000 manometer.
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Table 1. Experimental testing of different elastomers leak rates.

Elastomer type Surface Time (s) Leak rate(mbar cm® s~ 1)
Silicone rubber(Q, 40 Shore A) Stone 90 9.7

Rough metal 270 3.2

Wood varnished 300 2.9

Polished metal 330 2.6
Nitrile butadiene rubber(NBR, 70 Shore A) Stone 10 87.0

Wood varnished 310 2.8

Rough metal 315 2.8

Polished metal 330 2.6

Validation testing with a soft rubber gasket in configuration A (figure 3(a)) demonstrated that pres-
sures below 1 mbar were achieved using either port for vacuum pumping, confirming adequate sealing
performance. Mechanical pressure was applied initially and was no longer required once low pressure
was reached.

In configuration B (figure 3(b)), after evacuating to <0.1 mbar, a needle valve isolated the MH from
the pump and pressure evolution was monitored. The time required for pressure to increase from 0.1 to
10 mbar characterized the leak rate for each surface/elastomer combination. Leak rate was calculated as
Q =V -dP/dt, where V denotes the volume of the MH and dP/dt is the rate of change of pressure (here
fixed to 9.9 mbar). Test surfaces included stone (porous, rough), varnished wood (non-porous, smooth),
rough machined metal and polished metal.

Table 1 presents leak rates for silicone rubber (Q, 40 Shore A) and nitrile butadiene rubber (NBR, 70
Shore A) used in configuration B (figure 3(b)). The two natural rubber formulations (45 and 55 Shore
A) showed performance within experimental uncertainty of these values and are not separately tabulated.
Key findings can be summarized as follows:

(1) Surface hardness dominance: for rough, non-porous surfaces (rough metal, varnished wood, polished
metal), the harder NBR (70 Shore) demonstrated equal or slightly better sealing with leak rates 0.27—
0.29 bar cm?® s~! compared to 0.27-0.33 bar cm?® s~! for silicone.

(2) Porous surface exception: on porous substrate (stone), the softer silicone rubber (40 Shore) performed
markedly better, with leak rates around 10 times lower than NBR. The enhanced conformability of
softer elastomers enables penetration into surface porosity for improved sealing.

(3) Pump capacity validation: the measured leak rates confirmed that continuous pumping at 15 m*> h™!
capacity maintains stable LP conditions even on moderately rough surfaces. These results guided
subsequent spectroscopic testing, with NBR 70 Shore selected for smooth and rough metal surfaces
(most relevant for typical LIBS applications) and silicone 40 Shore reserved for porous materials.

Configuration C (figure 3(c)) was tested to determine whether argon flow through port PA disrupts
the pressure established in the vacuum chamber, which is evacuated through port PB. The test surfaces
included rough machined metal and stone. The lowest pressures achieved prior to initiating the argon
gas curtain were 12 mbar for the rough-machined metal and 14 mbar for the stone surface. After initi-
ation of the argon flow at 25 1 min™!, corresponding to an overpressure of 130 mbar above atmospheric
pressure, the pressure inside the vacuum chamber remained unchanged for both test surfaces. These res-
ults demonstrate that configuration C can achieve and maintain low pressures suitable for LIBS applica-
tions while effectively preventing the ingress of ambient gas.

3.2. Spectroscopic verification of LP operation
Beyond mechanical leak rate measurements, spectroscopic analysis provides definitive confirmation that
the MH maintains atmospheric isolation during plasma generation and emission collection.

Figure 4 illustrates the complete system used for spectroscopic testing. The laser source was a
Quantel QSmart 450 Nd:YAG laser operating at the fundamental wavelength of 1064 nm, with a max-
imum energy of 450 mJ, pulse duration of 6 ns, repetition rate of 10 Hz, beam diameter of 6 mm, and
divergence below 0.5 mrad. The laser beam was focused using a plano-convex lens with a focal length
of 100 mm, positioned 90 mm from the target surface, producing an approximately 1 mm diameter
focal spot with fluence sufficient for reliable plasma generation on copper targets. Copper samples were
mounted on precision positioning stages consisting of computer-controlled XY stepper motors and
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Figure 4. Experimental setup used for the spectroscopic testing of the MH functional model. Components: M—mirror, L—
focusing lens, FC—collimator, OF—optical fiber, DDG—digital delay generator, DSO—digital storage oscilloscope, PD—
photodiode, ECam—endoscopic camera.

a pitch/roll platform, enabling fresh surface exposure for each measurement sequence. The MH was
mounted on a flat rough steel plate and evacuated using Configuration B (figure 3(b)), while a con-
tinuous helium flow maintained a stable low pressure during measurements. Plasma emission was col-
lected by a collimator (FC) and guided via an round to linear optical fiber (core diameter @400 pm,
NA 0.22, 99% transmission efficiency in wavelength range of interest) to the entrance slit of the spec-
trometer. Detection was performed using a SOL Instruments MS7504i imaging spectrometer equipped
with a 1200 | mm™! grating (wavelength resolution 0.03 nm at blaze wavelength with 20 pum entrance
slit and 12 pum pixel size CCD camera) and a Proscan HS 101 H CCD camera (2048 x 506, pixel size
12 x 12 pm, Peltier cooling, minimum gate width 1 ms) cooled down to —10 °C, with full spectral
coverage from 350 to 780 nm achieved by sequential grating rotation. Real-time monitoring of plasma
generation and target surface condition was provided by an endoscopic camera with a resolution of
640 x 480 pixels, six LED illumination, and a 5 m light guide.

The system was operated at a laser energy of E = 179 £ 2 m] and wavelength A = 1064 nm. The
spectrometer slit width was set to 50 um. Camera requested a trigger TTL signal of 5 V amplitude and
minimum width of 20 ps, hence the triggering was controlled by controlled by a digital delay gener-
ator (DDG), while a delay time of 1 ps and a gate width of 1 ms were set. The helium pressure was
10 mbar for full spectral measurements, while for pressure-dependence studies it was varied between 2
and 40 mbar.

The recorded complete spectrum (figure 5(a)) exhibits strong copper emission lines throughout
the 350-700 nm range, with Cu I multiplets at 510.6, 515.3 and 521.8 nm showing highest intensity.
The helium working gas is barely detectable (He I line at 587.6 nm shows intensity more than 20 times
weaker than copper lines). Most significantly, hydrogen Balmer lines are completely absent, confirming
effective exclusion of atmospheric moisture.

No emission from the aluminum alloy chamber walls was detected, verifying that plasma dimensions
and energy remain confined to the target region without wall interactions that could cause contamina-
tion or memory effects.

Examination of the 740-785 nm region (figure 5(b)) reveals that the strongest oxygen emission line
from the multiplet at around 777 nm is hardly distinguishable from the noise, while strong nitrogen
emission lines around 740 nm are completely absent and remain below the detection limit. These obser-
vations confirm that Configuration B sealing (figure 3(b)) effectively prevents atmospheric ingress even
during continuous plasma generation. Any leaked atmospheric gases are removed through the differential
pumping groove G before reaching the measurement chamber.

For the pressure-dependence investigation, copper resonance line intensity and profile were meas-
ured across the 2—40 mbar pressure range in helium (figure 6). The pressure was controlled with redu-
cing valve and additionally needle valve before the MH. Pressure was monitored also with DV 1000
manometer with overall 15% measurement error. During the measurements, the pressure did not show
any significant fluctuations.
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The results demonstrate nearly identical analytical characteristics to conventional vacuum chamber
LIBS:

e Signal intensity maximizes at 10-20 mbar, consistent with prior studies [19].
e Line shapes and relative intensities match reference chamber measurements.

e Reproducibility (relative standard deviation) <5% across 10-shot averages.

These results validate that the MH introduces no significant analytical artifacts compared to standard
vacuum chamber configurations, while enabling in-situ measurement capability.

3.3. Discharge-enhanced LIBS in MH
The modular adapter design enables integration of electrodes for LIFPD, potentially enhancing emission
intensity and improving detection limits. This capability was validated by incorporating a custom elec-
trode assembly in adapter component 3 from figure 1(b).

Two electrodes are positioned 4 mm apart, located 6 mm above the target surface. High-voltage
connection via auxiliary port on upper body (component d in figure 2). Photographs of the electrode
assembly without discharge operation appear in the supplementary material.
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Experimental measurements were performed at atmospheric pressure in air. Capacitors with 100 nF
capacitance were charged to 5 kV and discharged through the laser-induced plasma. Comparison of
LIBS (laser only) versus LIFPD (laser and discharge) spectra is given in figure 7. An eightfold increase
in Cu I line intensities was observed, as well as improved SNR and extended temporal emission window.
The additional discharge may introduce local pressure variations within the discharge zone. However,
such effects are not of particular importance to the analytical performance of the method, since these
variations would not cause significant changes in electron density to broaden the lines of interest and
decrease analytical performance compared to atmospheric LIBS or LP-LIBS.

Previous work [29] demonstrated three-fold SNR enhancement and five-fold intensity increase for
rhenium detection in tungsten using LIFPD at low pressure. Our MH configuration for the first time
enables straightforward implementation of this technique for applications requiring enhanced sensitivity.

The adapter architecture of the MH provides accommodations for other excitation modes such as
magnetic field application for Zeeman-based diagnostics, spatial confinement structures for plasma shap-
ing, microwave coupling for laser ablation-microwave induced plasma combination [30] and glow dis-
charge electrodes for alternative ionization schemes. This versatility significantly expands the MH’s ana-
lytical capabilities beyond conventional LIBS.

4. Discussion

The experimental validation results demonstrate that the proposed MH successfully achieves the primary
design objectives: creating and maintaining stable LP environments for LIBS measurements without
requiring sample placement in vacuum chambers. This capability addresses a significant limitation that
has restricted LP-LIBS predominantly to laboratory settings with transportable samples.

4.1. Analytical performance comparison

The spectroscopic validation (section 3.2) reveals that LIBS plasma generated within the MH exhibits
analytical characteristics nearly identical to conventional vacuum chamber configurations. This equival-
ence confirms that the compact geometry, optical window configuration, and sealing approach do not
introduce detrimental artifacts. The MHs demonstrated capabilities include:

e Effective atmospheric isolation (oxygen lines barely distinguishable from the noise, nitrogen below
detection limits)

e Pressure-dependent behavior matching reference studies

11
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e Reproducibility comparable to laboratory vacuum systems

e Integration compatibility with advanced excitation modes

For applications where these analytical capabilities meet requirements, the MH enables LP-LIBS meas-
urements previously impractical or impossible.

4.2. Versatility through modular design
The three sealing configurations (section 2.1.3) address diverse measurement scenarios providing cost-
effective customization for specialized applications:

(1) Configuration A (simple gasket): suitable for smooth surfaces and applications tolerating minor atmo-
spheric ingress. Minimal complexity enables rapid deployment and reliable operation.

(2) Configuration B (differential pressure): optimized for rough or irregular surfaces requiring low pressure
and complete atmospheric isolation. Continuous differential pumping removes leaked gases before
they reach the measurement volume, enabling reliable operation on challenging surfaces.

(3) Configuration C (gas curtain): designed for delicate surfaces where mechanical contact must be min-
imized, or moderate pressure inert atmospheres suffice. Outward gas flow prevents substantial atmo-
spheric ingress while reducing contact forces.

The interchangeable adapter approach (component 3, figure 1) extends versatility to diverse sample
geometries without requiring multiple complete MH assemblies. Custom adapters accommodate non-
standard cross-sections (rectangular, complex shapes), curved surfaces (matching component curvature),
specialized plasma confinement geometries and integration of electrodes, magnets, or other enhancement
structures.

4.3. Technical limitations and considerations
While the MH demonstrates substantial capabilities, several limitations and practical considerations
merit discussion:

Achievable pressure range: leak rate characterization (table 1) shows that surface condition fundament-
ally determines the minimum achievable pressure. Smooth, non-porous surfaces enable operation below
1 mbar with simple gasket sealing, while rough surfaces require differential pressure sealing and typic-
ally limit operation to 10-50 mbar even with continuous pumping. Applications requiring ultra-high
vacuum (<1073 mbar) remain restricted to conventional vacuum chambers.

Surface contact requirements: all demonstrated configurations require some degree of contact between
elastomer seals and the analyzed surface. This contact may be unacceptable for certain delicate or
contamination-sensitive materials, despite the gas curtain configuration minimizing contact forces.

Measurement volume constraints: the compact chamber geometry (¢5 cm x 4.5 cm interior in this
implementation) restricts plasma expansion compared to large vacuum chambers. While spectroscopic
validation showed no adverse effects for copper target analysis at 10 mbar, applications involving highly
energetic plasmas or large ablation craters may encounter wall interactions. Chamber dimensions can be
scaled up, but maintaining effective sealing becomes increasingly challenging.

Optical window access: the fixed optical port configuration (two laser entry, one emission collection,
one observation, one auxiliary) provides excellent versatility but may constrain specialized geometries
requiring, for example, multiple simultaneous emission collection angles or complex beam delivery
configurations.

4.4. Applications beyond conventional LIBS
The MH architecture for the first time enables several advanced analytical approaches:

LIFPD: demonstrated intensity enhancement (section 3.3) provides improved detection limits for trace
element analysis. Previous studies showed particular advantages for detecting low concentrations in
complex matrices [21, 29].

Spatially-confined LIBS: custom adapters incorporating confinement structures can exploit plasma com-
pression effects for emission enhancement [27].
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Magnetic field application: integrated magnets enable magnetic field enhanced LIBS [28].

Hybrid techniques: the modular design accommodates combinations of laser ablation with alternative
excitation/ionization schemes (microwave-induced plasma [30], glow discharge, arc discharge), poten-
tially expanding analytical capabilities beyond pure LIBS.

These advanced capabilities position the MH as a versatile platform for LP-LIBS research and special-
ized applications.

4.5. Future development directions
Several extensions of this work could further enhance capabilities:

Automated Positioning: integration with robotic manipulation systems or motorized arms would enable
systematic multi-point surveys and automated operation in hazardous or inaccessible environments.

Real-time pressure/composition feedback: incorporating residual gas analysis or optical emission monit-
oring could provide continuous verification of atmospheric isolation and enable adaptive control for
challenging sealing conditions.

Alternative laser wavelengths: the current optical windows accommodate visible and near-IR wavelengths.
Substituting ZnSe windows would enable CO2 laser operation, potentially beneficial for isotopic analysis
requiring reduced plasma electron density [20].

Miniaturization studies: investigating scaling limits could determine minimum practical measurement
volumes, potentially enabling incorporation into even more constrained geometries.

Field deployment validation: systematic testing in representative application environments (industrial set-
tings, field sites, specialized facilities) would identify practical deployment challenges and opportunities
for design refinement.

5. Conclusion

This work presents a comprehensive solution for versatile LP LIBS implementation through a modular
MH design specifically engineered for operation at controlled reduced pressures (1-200 mbar) without
requiring sample placement in vacuum chambers. The system addresses critical technical barriers that
have limited LP-LIBS predominantly to laboratory applications with transportable samples.

The effective sealing across diverse surface conditions was demonstrated, with quantified leak rates
guiding the elastomer selection and sealing strategy optimization. Three distinct configurations are intro-
duced to address different pressure requirements and surface challenges.

Spectroscopic testing’s confirmed atmospheric isolation and analytical performance comparable
to conventional vacuum chamber LIBS. The MH introduced no significant analytical artifacts while
enabling in-situ measurement capability.

Finally, the integration compatibility with advanced excitation schemes was also shown. Additional
fast pulse discharge yielded eightfold analyte emission enhancement within the MH.

The modular architecture based on interchangeable adapters provides cost-effective customization
for specialized applications, sample geometries, and analytical requirements. This versatility extends bey-
ond conventional LIBS to encompass hybrid techniques combining laser ablation with alternative excita-
tion/ionization schemes.

By enabling practical implementation of LP-LIBS in diverse application scenarios, this development
expands the technique’s utility across materials science, industrial process monitoring, field analysis, and
specialized applications requiring controlled LP environments for optimal analytical performance. The
established design framework provides a foundation for continued advancement of LP-LIBS instrumenta-
tion tailored to specific analytical challenges.
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Abstract. Laser Induced Breakdown Spectroscopy - LIBS is the most promising technique
forthe in-situ analysis of the plasma fusion reactor walls, see (CongLiatal, 2016). The setup
which is most frequently used in fusion reactors is so-called remote in-situ RIS LIBS, see
(Caietal,2019). This configuration uses a scanning system which controls the Mo mirror to
direct the laser beamto a different position inside the fusion reactor. In this study, it was
investigated how changes in the ablation angles affect the intensity of the emitted spectral
lines, considering that the incident beam is not always perpendicular to the PFCs. To this
end, the classical LIBS setup at atmospheric pressure was employed. The angle of collection
fiber with respect to the laser beam was fixed to 17 degrees. Chosen targets were tungsten-
based alloys relevant to fusion research. The spectrum of the plasma was recorded with a
Solar MS7504i spectrometer and a fast camera. Results show that there is a non-trivial
dependance of the line intensity on the ablation angles, which was attributed to the change of
laser focus and ablation surface as the angles were varied both in poloidal and toroidal
directions. Additionally, the line intensity correction factor was calculated as the ratio ofthe
intensity for the beam incident atan angle to that of the beam at normal incidence, and it
exhibited a complex dependence on both angles.
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Abstract. The analysis of plasma facing components (PFCs) of fusion machines using laser-induced break-
down spectroscopy (LIBS) technique is widely distributed in the fusion community. Difficulties arise when
the spectroscopic measurements of tritium retention are performed, particularly the resolving of deuterium
(Do) and tritium (To) Balmer alpha lines becomes a major issue.

This study explores using microwave-induced plasma (MIP) generated in a custom-designed low-pressure
chamber as a potential solution to this problem. The target material is introduced into the MIP via laser ab-
lation using Nd:YAG laser, and the spectral signal is monitored with a high-resolution spectrometer and an
ICCD camera. Two silicon-based targets were utilized: the first, coated with carbon (C) and methane (CH4),
was used for optimization of the measurement system, whereas the second, coated with C and D, was used
for final measurements.

As part of the optimization process, the optimal time window for signal recording was determined relative to
the laser Q-switch trigger. Additionally, crater profiles were analyzed using an optical profilometer, yielding
the estimated ablation rate of approximately 400 nm per laser pulse at a fluence of 5.4 J/cm" 2.

The final measurements indicate that, with the current setup, the lowest detectable tritium level would corre-
spond to a Tat line intensity between 30% and 50% of the Da line intensity (Fig. 1). These results show that this
MIP-based setup is a promising tool for such analyses, providing reliable and fast determination of tritium
content retained in fusion-relevant materials.

1.0 —— Recorded spectra ]

] CS Ta/Da =1 ]

0.8 - ——CS Ta/Da = 0.67 _
CS Ta/Da = 0.5

1 —— CS Ta/Da = 0.33 1

0.6 1 CS Ta/Da =0.16 -

Normalized intensity

I I
656.1 656.2
Wavelength (nm)

I
655.9 656.0

Figure 1: Figure 1. CS theory estimation of Ta resolving.



Author: VUJADINOVIC, Nikola (Institute of Physics, Belgrade)

Co-authors: Dr TRAPARIC, Ivan (Institute of Physics, Belgrade); Dr CIGANOVIC, Jovan (Vinca Institute of
Nuclear Sciences, Belgrade); Dr ANGHEL, Alexandru (National Institute for Laser, Plasma and Radiation Physics,
Bucharest); Dr POROSNICU, Corneliu (National Institute for Laser, Plasma and Radiation Physics, Bucharest); Dr
IVKOVIC, Milivoje (Institute of Physics, Belgrade)

Presenters: VUJADINOVIC, Nikola (Institute of Physics, Belgrade); Dr TRAPARIC, Ivan (Institute of Physics,
Belgrade)

Session Classification: Poster Session 1

Track Classification: S01 - Atomic, Molecular and Optical Physics



	﻿Hydrogen isotopes retention studies using laser and microwave induced plasma coupling
	﻿Experiment
	﻿Results
	﻿Laser ablation
	﻿Optimization of gas pressure
	﻿Optimization of material transport to the MIP
	﻿Optimization of ablated material quantity
	﻿Selection of microwave generator power
	﻿Spectral resolution requirements for hydrogen isotopes retention studies


	﻿Desorption as a method for sample introduction in MIP
	﻿﻿Desorption due to vacuuming
	﻿﻿Laser induced desorption

	﻿Conclusion
	﻿References

	Detection of hydrogen isotopes in fusion-relevant targets using laser ablation and microwave-induced plasma
	Abstract
	1 Introduction
	2 Experiment
	3 Results and discussion
	3.1 Delay time
	3.2 Ablation rate
	3.3 Optimal MIP power
	3.4 Plasma diagnostics
	3.5 Detection of Dα from carbon target

	4 Conclusion
	Acknowledgements
	References

	Functional model of modular measuring head for in situ low pressure LIBS on complex surface geometries
	1. Introduction
	2. LIBS system design
	2.1. MH construction
	2.1.1. Main chamber design
	2.1.2. Upper body and optical configuration
	2.1.3. Sealing configurations and operating modes
	2.1.4. elastomer requirements and selection

	2.2. MU and system integration for in-situ operation
	2.2.1. Essential equipment components
	2.2.2. Fiber optic considerations for laser delivery
	2.2.3. RC and monitoring


	3. Experimental validation
	3.1. Sealing performance and leak rate characterization
	3.2. Spectroscopic verification of LP operation
	3.3. Discharge-enhanced LIBS in MH

	4. Discussion
	4.1. Analytical performance comparison
	4.2. Versatility through modular design
	4.3. Technical limitations and considerations
	4.4. Applications beyond conventional LIBS
	4.5. Future development directions

	5. Conclusion
	References


