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Detection of hydrogen isotopes in Zircaloy-4 via femtosecond LIBS 
Elizabeth J. Kautz,a* Ewa C.E. Rönnebro,a Arun Devaraj,a David J. Senor,a and Sivanandan S. Harilala*

The analysis of hydrogen isotopes (1H, 2H, and 3H) is crucial to several applications, including nuclear forensics and 
safeguards, characterization of nuclear fission and fusion reactor materials, geochemistry, and space exploration. Laser-
induced breakdown spectroscopy (LIBS) is a promising tool for the real-time analysis of hydrogen isotopes. However, the 
accurate, quantitative analysis via LIBS can be challenging due to 1H contamination on sample surfaces, residual 1H in the 
analysis environment, minor amounts of solute 1H, and spectral line broadening. Here, we characterize femtosecond laser 
induced plasmas from Zircaloy-4 targets with varying 1H and 2H concentrations in a He gas environment via spatially and 
temporally resolved optical emission spectroscopy. The impact of varying ambient gas pressure, the spatial distribution, and 
temporal histories of species viz., 1Hα, 2Hα, and Zr I on Zircaloy-4 plasma spectral features are reported. 1Hα and Zr I emission 
features are found to have different ambient pressure dependencies and are separated in both space and time in the laser 
induced plasmas. Lastly, the measured 2Hα emission intensities for a wide range of 2H concentrations in Zircaloy-4 samples 
showed a linear trend when plotted versus known 2H concentration. 

I. Introduction
Hydrogen is the most abundant element in the universe and 

can be harnessed and used in energy and defence applications. 
However, the pervasive nature of hydrogen combined with its 
fast diffusivity can also be detrimental to material performance. 
Therefore, detection and analysis of hydrogen isotopes, i.e., 
protium (1H), deuterium (2H) and tritium (3H), are central to 
several application areas ranging from nuclear energy and 
forensics to geochemistry and space exploration.1-3 The 
detection and accurate quantification of 1H, 2H, and 3H is an 
important aspect of materials characterization efforts needed 
for monitoring the 1H or 2H picked up by nuclear reactor fuel 
cladding (e.g., Zircaloys and other Zr-based alloys commonly 
used in pressurized and boiling water reactors)4 during the 
waterside corrosion process, and 3H retained in plasma-facing 
components of fusion reactors.5-7 The detection of hydrogen 
and hydrogen-containing compounds is also needed for 
identifying and assessing aqueous environments and their 
habitability in remote locations, such as on Mars.2 However, the 
quantitative analysis of 1H, 2H, and 3H is a complex problem. 
Several specialized mass spectrometry techniques are often 
employed, including (but not limited to): isotope ratio mass 
spectrometry (IR-MS), inductively coupled plasma mass 
spectrometry (ICP-MS), time of flight SIMS (ToF-SIMS), 
nanoscale secondary ion mass spectrometry (NanoSIMS), and 
atom probe tomography (APT).8-12 Some of these techniques 
are capable of mapping isotopic abundances in nanoscale 
volumes (e.g., NanoSIMS, APT13), others are capable of 

detecting trace amounts of isotopes (i.e. ICP-MS), and therefore 
can provide unique insights into material condition and 1H, 2H, 
or 3H ingress mechanisms. Yet, there are significant challenges 
in the application of these methods, namely: the inability to 
perform analysis at standoff distances, the need for complex 
and time-consuming sample preparation, limited field of view 
(for certain microscopy methods), and the inability to reliably 
separate residual hydrogen in the analytical environment from 
solute hydrogen. 

Laser-induced breakdown spectroscopy (LIBS) is a method 
routinely used for the analysis of elements and some 
isotopes.14-16 LIBS is a versatile technique with many advantages 
over specialized laboratory-based mass spectrometry methods, 
such as the ability to perform rapid, in situ multi-elemental (or 
isotopic) analysis, no sample preparation requirement, 
relatively simple experimental set-up (and the possibility to 
make portable), and the ability to analyse targets in the solid, 
liquid, or gas phase.17-19 The analysis of 1H and 2H in various 
target materials (e.g., 1H2O, 2H2O, minerals, metals, alloys) has 
previously been performed using LIBS employing a variety of 
laser ablation (LA) schemes and optical emission spectroscopy 
tools.19-24 Plasmas produced from a solid 2H2O-1H2O target in air 
were studied and a double pulse configuration with a short 
inter-pulse delay (50 ns) was proposed for improving 2Hα and 
1Hα line intensity and reducing Stark broadening.20 In an effort 
to reduce line broadening of Balmer 2Hα and 1Hα lines in 
atmospheric pressure environments, an orthogonal dual-pulse 
set-up was proposed, involving the separate ablation of a 
Zircaloy-4 target and He gas to generate two plasmas.25 The 
emission spectra collected using this method showed a clear 
separation between 2Hα and 1Hα lines, and a detection limit of 
20 µg/g  was achieved. A He gas environment was again 
employed for the analysis of 2H in Zircaloy-4 and other light 
isotopes26 to take advantage of the so-called He-assisted 
excitation process,27 and a 10 ppm 2H detection limit was 
reported. A fs-filament has also been used to generate plasmas 
from 1H2O and 2H2O targets, which produced low temperature, 
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low-density plasmas advantageous for reducing the 1Hα line 
broadening in the laser induced breakdown (LIB) plasma, and is 
also ideal for standoff measurements.22 Various calibration 
methods were tested in order to develop a calibration-free 
protocol for predicting 2H concentration from an emission 
spectrum.22 The isotopic shift between 16O1H and 16O2H 
molecules have also been employed to detect 1H and 2H via 
LIBS, which can be advantageous due to the large isotopic shift 
(0.68 nm), and reduced Stark broadening in comparison to 1Hα 
and 2Hα lines.28, 29 

In our recent work, we investigated the impact of plasma 
generation conditions (i.e., nanosecond versus femtosecond 
LA) and the nature of the ambient inert gas (i.e., Ar versus He) 
on emission spectral features of Zircaloy-4 plasmas.30 Time-
resolved, two-dimensional spectral imaging was performed to 
map the spatial and temporal behaviour of 1Hα, 2Hα, and Zr I 
species in the plume. The nature of the ambient gas was found 
to impact both plasma confinement and physical conditions 
(i.e., temperature, electron density) in ns and fs LIB plasmas. An 
Ar ambient led to better confinement, and hence hotter, denser 
plasmas. Hotter plasma conditions in Ar were attributed to 
energy transfer from metastable energy levels to analytes via 
collisional energy transfer.31 Greater confinement and 
temperatures in an Ar gas (compared to He) led to larger 2Hα 
and 1Hα linewidths due to Stark and Doppler broadening. The 
presence of lighter He gas with high thermal conductivity 
helped to effectively cool the plasma,26 reducing temperature 
and electron density, and thus providing narrower linewidths. 
The use of femtosecond (fs) LA was also identified as 
advantageous (in comparison to LA using traditional long pulse, 
i.e., ns lasers) due to improved spatial resolution, better control 
for depth profiling, and possibility to achieve minimal heat-
affected zones.32

Although LIBS is a promising technique for the detection of 1H, 
2H, and 3H in both laboratory and standoff measurement 
configurations, there are still many challenges to overcome. A key 
parameter in the application of isotopically-resolved LIBS is line 
broadening relative to the isotopic shift (0.18 nm for 1Hα and 2Hα, 
and 0.23 nm for 1Hα and 3Hα). In order to reduce line broadening, 
improve peak separation, and have a strong emission signal, several 
factors must be considered, including the trade-off between long 
integration times, delay time with respect to plasma onset and 
rapidly decaying emission signal, ambient gas pressure, and the 
spatial segregation of plume species. The spatial segregation of 
species may become increasingly important in the analysis of multi-
component targets such as alloys, natural minerals, or rocks. Thus, a 
comprehensive understanding of the role of the experimental 
parameters impacting the detection of 1H, 2H, and 3H via fs LIBS is 
needed. Here, we study the role of ambient gas pressure and 
species segregation (in both space and time) in the analysis of 1H 
and 2H via fs LIBS. We analyse Zircaloy-4 targets with varying 2H 
concentrations in a He gas environment. He gas background 
pressure was varied between ~3 – 250 Torr to investigate the 
impact of pressure on spectral features, emission intensity, line 
broadening, signal-to-background and signal-to-noise ratios. 
Spatially and temporally resolved spectral features were collected 
to map emission intensity and line broadening and estimate time-
dependence of electron density. Lastly, spatially and temporally 
resolved photomultiplier signal emission profiles, also referred to as 
time of flight spectroscopy or optical time of flight (OTOF),33-37 was 
performed to investigate the spatio-temporal relationship of 2Hα 
and Zr I emission in the LIB plasma.  

II. Experimental Details
Zircaloy samples with varying 1H and 2H concentrations up 

to 41 at. % (~15,200 ppm by mass) were used in the present 
experiment. For sample preparation, 1H or 2H was absorbed into 
Zircaloy-4 samples using a custom-built high vacuum system 
briefly described here. A ~1-2 cm section of Zircaloy-4 tube 
(~100 µm thick) was  weighed using a calibrated analytical 
balance to an estimated uncertainty of 0.5 mg to compare to 
weight after 1H or 2H absorption. The Zircaloy-4 section was 
placed in a quartz tube that is enclosed in a furnace. The quartz 
tube is connected to stainless steel tubing using a glass-metal 
transition to seal it and thereafter evacuated to high-vacuum 
before a leak test was performed. 1H2 or 2H2 gas was then 
inserted into the system by using a calibrated capillary leak on 
a 1H2 or 2H2 gas bottle (99.999 %, ultra high purity) with a leak-
rate of 2.6 10-8 mol/s. Time needed to reach a certain ×
concentration (at. %) of 1H or 2H was estimated based on the 
leak rate. The furnace was heated up under dynamic vacuum to 
remove any impurities in the system,  and a thermocouple on 
the outside of the quartz tube recorded the temperature to be 
525 °C. After heating to the 525 °C test temperature, the 1H2 or 
2H2 gas was inserted into the quartz tube and pressure was 
monitored with a capacitance manometer (< 10 Torr). After the 
desired test time elapsed (based on target 1H or 2H 
concentration), the specimen was removed from the furnace 
and weighed to confirm how much 1H or 2H was absorbed. 
During 1H2 or 2H2 gas exposure, 1H or 2H is in solid solution with 
Zr (α-phase) below 5 at. % and at higher concentrations, a 
hydride phase is precipitated (in this case, the δ-phase). An 
example microstructure of Zircaloy-4 after hydride phases have 
precipitated is illustrated in the Fig. 1 micrograph for a 2H 
concentration of ~ 41 at. %. This micrograph was taken using a 
Thermo Fisher Quanta 3-D dual beam focused ion beam, 
scanning electron microscope (FIB-SEM), using the backscatter 
electron detector. The darker contrast 2H-rich phase is 
distributed along Zircaloy-4 grain boundaries. Grain diameters 
are approximately ~5-10 µm, and the laser spot size selected for 
analyses (~500 µm) ensures material from multiple Zircaloy-4 
grains and 1H or 2H-rich secondary phases are ablated. Thus, the 
1H or 2H concentration analysed in the plasma is considered to 
be representative of the bulk composition, after any residual 1H 
on the sample surface is removed. 
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Fig. 1. Zircaloy-4 microstructure with ~ 41 at. % 2H. Micrograph was taken using the 
backscatter electron detector for showing the distribution of  the darker 2H-rich phase 
along Zircaloy-4 grain boundaries. This micrograph is taken of a cross-section of a 
Zircaloy-4 tube, and the orientation of the incident laser (on the inner diameter) used in 
this work is shown with a red arrow. The figure inste shows a higher magnification of the 
Zircaloy-4 microstructure. 

For plasma generation, pulses from a Ti:Sapphire laser 
(Coherent Astrella) with 800 nm wavelength, ~35 fs FWHM, 
operated at 10 Hz, with a laser pulse energy of ~5.0 mJ was 
used. As shown in Fig. 1, the laser was focused onto the inner 
diameter of a section of Zircaloy-4 tube. A fluence of ~ 2.5 J/cm2 

was used for generating plasmas. Zircaloy-4 targets were 
mounted in a cubic vacuum chamber (0.004 m3) for analysis. 
The chamber was placed on a x-y-z translator to easily move 
between targets, and to prevent drilling. Optical windows for 
laser entrance and light collection were included in the chamber 
design. A pressure gauge, vacuum pump, and a gas line were 
also attached to the chamber to control ambient gas pressure. 
High purity He gas (~99.998 %) was used in experimentation. 
Three Zircaloy-4 samples were used to investigate the optimal 
parameters for analysis, including: (1) ~38 at. % 2H, (2) ~38 at. % 
1H, and (3) no 1H or 2H loading (i.e., in the as-received 
condition). For comparing measured 2Hα emission to known 2H 
concentration, five different Zircaloy-4 samples with varying 2H 
concentration ranging from ~2 – 41 at. % were analysed. 1H is 
present in the as-received and 2H-containing samples as a trace 
element with an expected concentration of ~25 ppm. 1H is also 
present as an impurity on sample surfaces.

For analysing emission from laser induced plasmas, an 
optical system consisting of two plano-convex lenses was used 
for imaging the plasma plume onto the slit of a 0.5 m Czerny 
Turner spectrograph (SpectraPro), equipped with two 
detectors: an intensified charged coupled device (ICCD, 
Princeton Instruments PiMAX4) and a photomultiplier tube 
(PMT, Hamamatsu R955) with a ~2 nanosecond rise time. A 
diverter mirror was used for selecting the detector for analysis. 
The optical emission spectroscopic system was positioned 
orthogonal to the plasma expansion direction. The 
spectrograph provided a spectral resolution of ~ 0.020 nm, 
measured using a 632 nm He–Ne laser and a 2400 grooves per 
mm grating. This same grating was used for all data collection. 
Spatially resolved spectra were collected to track the spatial 
distribution of H isotopes and other species within the plume. 
The monochromator-PMT system was used for measuring the 

emission at varying distances from the target for spatially and 
temporally resolved analyses. 

III. Results and Discussion 
a. Surface contamination and cleaning

The Balmer series consists of three strong emission lines in 
the visible spectrum: 1Hα (656.28 nm), 1Hβ (486.14 nm), and 1Hγ 
(434.05 nm). Each α, β, and γ line has a different isotopic shift 
between 1H and 2H (0.180 nm, 0.135 nm, and 0.119 nm for α, β, 
and γ, respectively), in addition to varying characteristics such 
as asymmetric line profiles, broadening, etc.38, 39 1Hα has the 
smallest Stark line broadening with a larger isotopic separation 
between 1Hα and 2Hα. For these reasons, the 1Hα and 2Hα line at 
656.28 nm and 656.10 nm, respectively, are the focus of this 
work, referred to here simply as 1Hα and 2Hα. 

The spectral region selected for analysis is 653.31-658.63 
nm, which contains 1Hα and 2Hα lines along with several Zr 
atomic and ionic transitions. For detecting 1H or 2H using any 
analytical technique, the issue of 1H existing as a contaminant 
on the sample surface or its presence in the analysis 
environment is an important consideration. To preclude any 1H 
surface contamination, several laser cleaning shots were fired 
and spectra were averaged for every two shots. Here, the as-
received and 2H-loaded (~ 38 at. %) samples were compared in 
order to determine how the presence of any 1H surface 
contamination may impact detecting the isotopic shift, and also 
to compare 1Hα emission signal intensity in the 2H-loaded and 
as-received conditions, since the 1H concentrations are 
expected to be similar.

Figs. 2(a) and 2(b) show emission spectra for as-received and 
2H-containing Zircaloy-4 targets, respectively, as a function of 
laser shots. All spectra were taken at a distance of 2 mm from 
the target. In both Fig. 2(a) and (b), 1Hα emission intensity is 
significantly higher (by a factor of ~4-8) for the initial laser shots, 
and after several shots (~8) the 1Hα emission is approximately 
constant for subsequent shots. This trend is clearly highlighted 
in Fig. 2(c). The difference in emission intensities of 1Hα  for the 
initial laser shots in as-received versus 2H-containing samples is 
attributed to differences in 1H contamination present on these 
two different sample surfaces. In addition, we find that for the 
2H-containing sample, the 2Hα emission intensity reaches a 
steady state value after several shots (~20-30). Hence, several 
laser ‘cleaning’ shots are needed to remove 1H contamination, 
and to reach a steady-state emission signal intensity for the 
analyte of interest prior to performing any analysis of bulk 1H or 
2H concentrations. It is important to note that the number of 
cleaning shots needed is highly dependent on laser fluence and 
the sample condition (i.e., the amount of 1H on the sample 
surface as an impurity). At the laser fluence used here, removal 
of 1H from the sample surface is efficiently performed in the first 
several shots, and hence no additional sample heating or 
surface preparation was required. In prior work, most of the 
surface 1H contamination was removed by heating the 
analytical environment (i.e., sample chamber) in vacuum to 150 
°C for 30 minutes.40 
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It is also important to note that the intensity of the 1Hα line 
present in the 2H-containing sample emission spectrum (Fig. 
2(b)) matches well with the emission intensity of 1Hα in the as-
received sample (Fig. 2(a)). We attribute this 1Hα emission signal 
primarily to solute 1H present as a trace impurity in Zircaloy-4. 
Minor amounts of 1H present in the analysis environment may 
also contribute. However, their contribution should be similar 
for all targets studied regardless of the cleaning shots. 

Fig. 2. Spectral features for (a) as-received and (b) 2H-containing Zircaloy-4 targets 
in a 10 Torr He gas environment, with (c) emission intensity versus number of laser 
shots for 1Hα in the as-received sample, 1Hα in the 2H-containing sample, and 2Hα. 
All spectra were collected at 2 mm from the target using a gate delay/width of 600 
ns/1 µs. 

b. Pressure effects

The presence of an inert ambient gas is often used in LIBS 
for avoiding plasma chemistry and improving the analytical 
merits.17 It is well established that the nature of the ambient gas 
significantly impacts LIB plasma emission intensity and 
properties.41, 42 In addition, plasma generation conditions can 
significantly impact spectral features and plasma physical 
properties.43 Our prior work demonstrated fs LA in a He gas 
environment led to a lower temperature and density plasma, in 
comparison to ns LA and in an Ar ambient, and hence is well-
suited for the analysis of 1H and 2H.30 Here, we further explore 
the effects of He ambient gas pressure on spectral features of 
plasmas produced from 1H-loaded Zircaloy-4. Since similar 
broadening and spatial distributions of 2H and 1H were 
observed, the 1H-loaded sample was used for several analyses. 
Plasmas produced from 2H-loaded Zircaloy-4 are expected to 
show similar trends, and 2H-loaded samples are studied here in 
subsequent sections. Owing to the significant variability in 
emission spectral features with distance from the target and in  
time after plasma onset, spatially and temporally-resolved data 
are used in the present study. 

Spectral features from a 1H-containing Zircaloy-4 sample for 
varying He pressures from 3.5 – 250 Torr are presented in Fig. 3 
at a distance of ~ 0.5 mm from the target using a gate 
delay/width of 300 ns/200 ns. Prominent Zr and H emission 
lines in the spectral region are labelled. The energy levels of 
various transitions in the spectral window of interest to this 
study are: Zr I at 655.05 nm (26902.450 → 11640.720 cm-1), 
2Hα at 656. 10 nm (97518.841→82281.662  cm-1), 1Hα at 
656.28 nm (97492.302 →82259.105 cm-1), Zr I at 656.95 nm 
(20466.830 →5249.070 cm-1), and Zr II at 657.8650 (34810.030 
→ 19613.540 cm-1).44 At pressures of ~ 3.5-40 Torr, Zr I and Zr 
II emission is found to be very weak in comparison to 1Hα. The 
increase in Zr I and reduction in  1Hα emission intensities with 
respect to ambient pressures greater than ~40 Torr is due to 
plasma cooling. Previous studies highlighted that temperature 
of the plasma decays with increasing background pressure.45 
The Zr I emission lines in the selected spectral window 
originated from lower energy levels compared to 1Hα emission. 
Hence, higher excitation energy is required for 1Hα emission.  

The emission intensity, full width half maximum (FWHM) 
signal to background ratio (SBR), and signal to noise ratio (SNR) 
of 1Hα were measured for comparing spectral emission features 
as a function of He pressure. The emission intensities of 1Hα and 
Zr I (655.05 nm) lines were measured by taking the area of a 
Voigt fit and are reported in Fig. 4 along with FWHM. Fig. 5 
reports SBR and SNR for 1Hα for a 1H-containing Zircaloy-4 
target. SBR and SNR were calculated using the maximum 
intensity of 1Hα line (Imax), the averaged background intensity 
(Ibackground) on higher and lower wavelength sides of the 1Hα line, 
and the standard deviation of the background (σbackground), 
according to Equations (1) and (2)46: 

𝑆
𝑁 =

𝐼𝑚𝑎𝑥 ― 𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

(1)

𝑆
𝐵 =

𝐼𝑚𝑎𝑥

𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

(2)
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Fig. 3. Spectral features of a LIB plasma produced from a 1H-containing Zircaloy-4 
sample in varying He pressures. All measurements were taken at a distance of ~0.5 
mm from the target, using a gate delay/width of 300 ns/ 200 ns. Each spectrum 
was averaged over 12 shots.  

From Fig. 4(a), we find that emission intensity of 1Hα peaks at 
moderate He pressures, whereas Zr I emission intensity 
increases with pressure. Fig 4(b) shows that FWHM of the 1Hα 
follows an approximately linear trend and increases with 
pressure. Similar to the trend in 1Hα emission intensity, 1Hα SBR 
reaches a maximum at moderate He pressure levels (~20-30 
Torr), shown in Fig. 5(a), then decreases with increasing 
pressure. 1Hα SNR (Fig 5(b)) peaks at similar pressure levels. 
Given that linewidth to line separation is the most crucial 
consideration for isotopic analysis employing optical 
spectroscopic tools,18 the line broadening mechanisms 
contributing to the measured FWHM of the 1Hα line are 
scrutinized. The lowest measured 1Hα linewidth is ~ 60 pm at 
~10 Torr pressure level, and it increases with increasing He 
pressure level. Several factors contribute to the FWHM of 1Hα 
observed in the Fig. 3 spectra and reported in Fig. 4(b), including 
the fine and hyperfine structure components, instrumental 
broadening (~20 pm), Stark, Doppler, natural, and pressure. In 
this system, natural and pressure broadening are negligible 
compared to the other broadening mechanisms. Stark 
broadening is prominent in the early times of plasma 
evolution.18 Line broadening caused by the Stark effect, which 
has a Lorentzian line shape, is due to the presence of the electric 
field generated by the charged particles in the plasma. Since the 
Stark effect for 1H varies linearly with the electric field47, it has 
a significant effect on linewidth even at later times in the plasma 

lifecycle. In addition to Stark, the Doppler effect is also 
significant for 1H since it is the lightest element in the periodic 
table. Doppler broadening has a Gaussian line shape and scales 
with the square root of temperature,18 and therefore may be 
more significant at higher plasma temperatures. Lastly, the 
instrumental broadening will be present in all emission 
spectroscopy set-ups, varies from system to system, and 
depends on the spectrometer dispersion, slit width, detector 
pixel width, spectrograph aberrations, alignments, etc. Hence 
the recorded spectral profiles represent a convolution of 
several broadening effects that are prominent at different times 
in plasma evolution.  Fine and hyperfine splitting of 1H and 2H 
electronic energy levels also contributes to the measured line 
widths. The splitting of electronic levels is a result of spin-orbit 
coupling and electron-nuclear spin-spin interaction. Hyperfine 
structure components span ~20 pm for both 1Hα and 2Hα,22 and 
Stark and Doppler broadening mechanisms affect each fine 
structure component. The hyperfine splitting of 1H and 2H 
spectral lines have been studied both experimentally and 
theoretically by several authors48-51, and details of hyperfine 
structures are summarized in a compilation by Kramida.49 

Fig. 4. Variability of (a) emission intensity of 1H (656.28 nm) and Zr I lines (655.05 
nm), (b) 1H  SBR, and (c) 1H FWHM, and as a function of He pressure from ~3-250 
Torr. Results are determined from analysis of an 1H-containing Zircaloy-4 sample. 
All experimental parameters used for data collection are given in the Fig. 2 
caption. Curves in each sub-figure are provided as a guide for the eye.
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Fig. 5. Variability of (a) 1Hα  SBR, and (b) 1Hα SNR as a function of He pressure from 
~3-250 Torr. Results are determined from analysis of an 1H-containing  Zircaloy-4 
sample. All experimental parameters used for data collection are given in the Fig. 
2 caption. Curves in each sub-figure are provided as a guide for the eye.

Over the pressure range studied, the relative contributions 
of different broadening mechanisms vary. At moderate to 
higher pressures (up to ~100 Torr), the line shape is found to be 
primarily Lorentzian, indicating that Stark broadening is the 
dominant mechanism. This is not surprising since the spectral 
measurements were carried at early times of plasma evolution 
(300 ns gate delay). Overall, Fig. 4 and 5 highlight important 
trade-offs in the analysis of 1Hα , namely: increasing pressure 
leads to greater 1Hα emission intensity and better SBR and SNR, 
but also leads to increased line broadening. Further analysis of 
Zircaloy-4 spectral features at varying distances from the target 
and at different times in fs LIB plasma evolution are needed to 
identify the best parameters (i.e., pressure, distance, time) for 
1Hα, 2Hα, or 3Hα  analysis in a multi-component plasma. Based on 
pressure effect studies, the 10-20 Torr He pressure range is 
suitable for analysis. Thus, further spatial and temporal analyses 
were carried out in this moderate pressure regime.
c. Spatially resolved spectral features 

Spatially resolved spectral features from a 1H-containing 
Zircaloy-4 plasma are shown in Fig. 6(a) at 600 ns after plasma 
onset in 10 Torr He, with corresponding spatially resolved 
emission intensities for 1H and Zr I given in Fig. 6(b). From Fig. 

6(a), we find 1Hα and Zr I emission intensities are spatially 
segregated in the plasma: H I emission is stronger closer to the 
target, whereas Zr I emission is prominent at farther distances. 
Fig. 4(b) clearly demonstrates this trend, showing that 1Hα 
emission intensity is maximum ~0.5 – 1.0 mm from the target, 
whereas Zr I emission intensity peaks ~ 2.5 mm from the target. 
This trend indicates 1Hα emission is prominent when the 
temperature of the plasma system is higher (closer to the 
target) while Zr I emission lines become predominant in cooler 
regions of the plasma.  These emission intensity changes with 
distance can be correlated to the upper energy levels of 
selected transitions. For example, the upper energy level of 1Hα 
emission is 97492.302 cm-1 (~12 eV), while the Zr I and II 
emission lines originated from  20466.830 - 34810.030 cm-1 

(~2.5 - 4.3 eV). The high thermal conductivity He gas 
environment is responsible for the effective plasma cooling at 
the plume edges, and at distances farther from the target, as 
the plasma rapidly expands after onset. The measured FWHM 
of 1Hα is given in Fig. 6(c), and shows the FWHM is lowest at 
closer and farther distances from the target, and the maximum 
broadening is observed at ~2.5 mm. This trend indicates that 
contributions to the line broadening (i.e., Stark, Doppler) 
depend strongly on space and time. Hence, time-resolved 
analysis of spectral features were carried out.

Fig. 6. (a) Spatially resolved spectral features of a plasma produced from a 1H-
containing Zircaloy-4 target in 10 Torr He gas environment using a gate 
delay/width of 600 ns /1 µs. (b) Emission intensity of 1Hα and Zr I (655.05 nm) at 
increasing distances from the target. (c) FWHM of 1Hα as a function of distance 
from the target.
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d. Temporal evolution of 1Hα and Zr I emission intensities, 
linewidth, and electron density 

In addition to the spatial analysis of emission features, the 
temporal evolution of 1Hα and Zr I were studied. Fig. 7 (a) and 
(b) report the temporal evolution of emission intensity for 1Hα 
and Zr I and FWHM, respectively, in plasmas generated from a 
1H-loaded Zircaloy-4 target. All measurements were taken in 10 
Torr He at ~0.5 mm from the target. This particular distance 
from the target was selected since closer to the target, 1Hα 
emission provides strong signal levels along with a narrower line 
profile. Emission intensity decays exponentially for both 1Hα and 
Zr I, although Zr I decays more rapidly. Linewidth (Fig. 7(b)) also 
follows an exponential decay behaviour, where the minimum 
measured FWHM is reached by ~ 1 µs after plasma onset. 

Time-resolved electron densities were calculated from the 
Lorentzian width of 1Hα using the following relation52: 

𝑁𝑒 = 8.02 × 1012(∆𝜔1/2

𝛼1/2 )
3/2

 [𝑐𝑚 ―3] (3)

where  is electron density of 1Hα in cm-3,  is the 𝑁𝑒  ∆𝜔1/2

Lorentzian width of the 1Hα in Å, and  is the half width of the 𝛼1/2

reduced Stark profile, obtained from literature.53 Electron 
density (reported in Fig. 8 for 1H-containing Zircaloy-4) is found 
to decay exponentially with increasing time after plasma onset, 
from ~ 2.56 1016 cm-3 at ~50 ns to 6.65 1014 cm-3 at ~770 ns. × ×

In addition to electron density and temperature, the line 
shapes and linewidths of spectral profiles in a plasma system 
are influenced by self-absorption.54 The presence of self-
absorption leads to an artificial increase in the measured 
linewidth typically seen in the analysis of 1Hα in a LIB plasma 
system. Although in prior works the 1Hβ (486.14 nm) line has 
been used to measure electron density since this line is less 
prone to self-absorption,20, 54, 55 in this work the analysis of the 
1Hβ (486.14 nm)  line is not practical due to the crowded 
Zircaloy-4 spectrum, with several nearby Zr, Sn, Fe, and Cr lines. 
Self-absorption of the 1Hα line has been shown to significantly 
impact linewidths, and hence electron density measurements.56 

e. Spatio-temporal evolution of plasma species

The kinetic distribution of species was studied using spatially 
and temporally resolved OTOF measurements to complement 
the analysis of time-resolved emission spectra previously 
presented (Fig. 7). OTOF measurements were performed for 2Hα 
and Zr I (471.01 nm). 1Hα and 2Hα showed similar kinetic 
distributions, hence 2Hα OTOF is only presented here. The Zr I 
line at 471.01 nm was selected since there are no overlaps with 
any other peaks of atoms or ions from other elements in the 
multi-component Zircalloy-4 plasma, and it is a relatively strong 
line compared to other Zr I lines in the visible spectrum. Fig. 
9(a)-(b) reports the spatio-temporal distribution of 2Hα and Zr I 
species mapped by collecting OTOF data at various distances 
from the target. 

As shown in Fig. 9, the kinetic distributions of 2Hα and Zr I 
are drastically different. The contour plots show that 2Hα 
emission occurs primarily closer to the target and at early times. 

In contrast, Zr I emits at farther distances with increased 
persistence compared to 2Hα. This segregation is related to the  
requirement of higher temperature conditions for 2Hα  emission 
compared to Zr I. 

Fig. 7. Time-resolved (a) emission intensity for 1Hα and Zr I (655.05 nm), and (b) 
FWHM of 1Hα  for a 1H-loaded containing Zircaloy-4 target In 10 Torr He, at ~ 0.5 
mm from the target. Gate width is given as the x-error bar for each data point.

Fig. 8. Electron density as a function of time at ~0.5 mm from the target for 1H-
loaded Zircaloy-4 plasma in 10 Torr He. Gate width is given as the x-error bar for 
each data point. 
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f. Comparison of 2Hα emission intensities for varying 2H 
concentrations

Considering the pressure dependence, and temporal and 
spatial distribution of 2Hα  and Zr I in femtosecond LIB plasmass, 
we analysed a series of 2H-containing Zircaloy-4 samples with 
concentrations ranging from ~ 2 – 42 at. % 2H (~6 - 15200 ppm 
by mass). Optical emission spectra were taken at a distance of 
~ 0.5 mm from the target, 1 µs after plasma onset, with a 3 µs 
gate width in 10 Torr He. Position and timing for measurements 
were selected in order to obtain a strong emission signal, with 
minimal line broadening. Spectra were averaged over 8 shots 
after 1Hα  and 2Hα  emission reached a steady-state value (i.e., 
all 1H surface contamination was removed). Three duplicate 
frames were saved per Zircaloy-4 sample so that an average and 
standard deviation of 2Hα emission intensity (calculated from 
area under a Voigt fit of the 2Hα curve) could be calculated and 
plotted versus known 2H concentration (Fig. 10). This ‘known’ 
concentration was determined via weight gain measurements 
before and after the 2H absorption process described in 
Experimental Details (section II). X error bars represent the 
error associated with the analytical balance. Y error bars 
represent the standard deviation between three duplicate 2Hα  
emission intensity measurements of 8 laser shots each. The 
linear fit given in Fig. 10 has a Pearson’s correlation coefficient 
of ~0.98, and hence fits data well, although, only 5 data points 
are analysed here.  

Unlike ns LA, the laser-target coupling during fs LA is 
extremely efficient, leading to high number density of atomic 
species in the plasma.15, 46 Typically, high ablation efficiency is 
favourable in analytical applications since an increased signal 
from atomic lines can be achieved. However, this high ablation 
efficiency may be problematic in the case of analysing 1H or 2H 
emission signatures due to the possibility of self-absorption. To 
date, calibration curves for 1H or 2H have been reported for a 

range of concentrations, including: 200 ppm – 1000 ppm 2H  
using 2 mJ ps laser pulsing focused onto a Zircaloy sample in 3 
kPa (22.5 Torr) He gas,26 ~ 10 ppm to 1600 ppm 2H using 7 mJ ps 
laser focused onto a Zircaloy sample in 1.3 kPa (9.75 Torr) He 
gas,40 up to 4300 ppm 1H using 100 mJ ns laser focused onto 
Zircaloy sample in 760 Torr He gas, 57 and 0.5 - 20 at. % 2H using 
a fs filament focused onto 2H2O-1H2O samples in Ar gas in 
atmospheric pressure (~760 Torr).22 Each of these studies used 
different plasma generation conditions (i.e., ns, ps, fs-filament) 
in comparison to our work employing focused fs LA. Although 
the more efficient laser-target coupling and primarily atomic 
plume characteristic in fs laser induced plasmas may be 
favourable for depth profiling or detecting trace 1H or 2H, the 
self absorption of the 1Hα or 2Hα lines may be present for LIB 
plasmas produced for higher 1H or 2H concentrations than those 
studied here.  

Fig. 9. Distance-time contour plots of OTOF data, illustrating spatio-temporal emission from (a) 2H (656.10 nm) and (b) Zr I (471.01 nm). Each contour 
plot is normalized to its maximum intensity.
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Fig. 10. 2Hα emission intensities versus measured 2H concentration via weight gain 
measurements in Zircaloy-4 samples. Two x-axes for 2H concentration are given: 
at. % and ppm by mass. The linear fit is described by the equation: 𝑦 =

.(20.39 ±  2.21)𝑥 + (45.62 ±  32.31)

IV. Conclusions 
Femtosecond LIBS was used to analyse hydrogen isotopes 

(1H and 2H) in plasmas produced from Zircaloy-4 target 
materials with varying isotopic compositions (i.e., as-received, 
with 1H, and with 2H). A high purity He gas environment was 
used for all analyses due to its high thermal conductivity and 
low atomic weight, leading to efficient cooling of the LIB plasma. 
Spatially and temporally resolved emission spectral features 
were collected over a range of ambient gas pressures (~3-250 
Torr) to explore emission features, line broadening, and plasma 
physical conditions. 

This study highlights several considerations for the analysis 
of 1Hα and 2Hα in plasmas produced from multi-component 
targets via fs LIBS, including: (i) 1H can be present as an impurity 
on the target surface and several cleaning shots should be 
performed prior to data collection, (ii) femtosecond LA in a 
moderate pressure ~10 Torr He ambient provides strong 1Hα 
emission signal, good SBR and SNR, relatively low electron 
density and thus minimal line broadening well-suited for 
analytical applications, (iii) emission spectra should be collected 
in a spatially-resolved manner and closer (~0.5 – 1 mm) to the 
target since 1,2Hα emission intensity is strongest in the hotter 
region of the LIB plasma, (iv) analysis of 1,2Hα should be 
performed at later times in LIB plasma evolution after electron 
density has decayed enough to provide minimal line 
broadening. We demonstrate that by implementing these 
considerations, a calibration curve relating 2Hα emission 
intensity to known 2H concentration follows a linear relationship 
for a wide range of 2H concentrations. Our findings from spatio-
temporal analyses at varying pressures and times after plasma 
onset informed an experimental set-up that lead to line 
separation less than the isotopic shift, with strong emission 

intensity and good SBR and SNR, essential to the detection and 
analysis of 1H, 2H, and even 3H via fs LIBS.
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