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ABSTRACT: mnsitu, rapid and sensitive hydrogen leak monitoring in confined spaces remains challenging because air

humidity can affect the accuracy and sensitivity of hydrogen detection. In this work, a compact spark-discharge-assisted laser-induced

breakdown spectroscopy (SD-LIBS) system based on a microchip laser was developed for rapid quantitative hydrogen analysis in

humid air. Spark discharge significantly enhanced the emission of the microchip laser-induced plasma. To improve the measurement

reliability, the Ar I 794.82 nm line was employed as a primary in-spectrum reference for spectral normalization, while the N I 746.83

nm line was subsequently used as a secondary air-derived reference to improve the robustness of hydrogen quantification against

variations in the local gas environment. In addition, humidity-dependent background correction was applied to reduce the

contribution of water vapor to the Hq emission. Quantitative measurements were performed on hydrogen concentrations ranging
from 0.5% to 3.5% at relative humidity between 32% and 74%. Compared with direct background subtraction, the combined Ar I

normalization and N I-based secondary
correction strategy obviously improved
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Compact SD-LIBS + humidity correction enables reliable /r-sit hydrogen monitoring under realistic atmospheric conditions.

INTRODUCTION

With the global development of clean and low-carbon energy,
hydrogen has attracted considerable attention as a clean energy
carrier due to its high energy density, diverse sources, and
environmentally friendly conversion products.! In industrial
applications, hydrogen is widely used in ammonia synthesis,
petroleum refining, and metallurgical reduction processes. In
transportation, hydrogen fuel cell vehicles are more efficient than
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conventional engines because they convert chemical energy
directly into electricity through hydrogen—oxygen reactions. Their
system efficiency can reach 40%—-60%, and hydrogen’s high
energy density (141.9 kJ/g) allows vehicles to travel long distances
while producing only water as a byproduct.>® However, the
physical properties of hydrogen also pose significant safety
Its low density, high diffusivity, and strong
penetrability make it prone to leakage and rapid dispersion. In

challenges.

hydrogen fuel cell systems, leakage may occur in confined or
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semi-confined spaces, where locally accumulated hydrogen may
form flammable or explosive mixtures with air. Hydrogen-air
mixtures can become explosive within a concentration range of
4%-75%.%° Therefore, accurate and rapid in-situ monitoring of
hydrogen concentration is essential during its production, storage,
and utilization.

Current hydrogen detection methods include electrochemical
sensors,*’ optical/fiber-optic sensors,* Raman spectroscopy,”'”
and photoacoustic spectroscopy.!!'?> While electrochemical and
optical/fiber-based sensors provide high sensitivity and real-time
detection, their performance can be easily affected by complex
environmental conditions, limiting measurement reliability.!>'* In
addition, many commercial hydrogen sensors require a non-
negligible recovery period after exposure to hydrogen, which can
restrict rapid repeated measurements and timely concentration
tracking in confined spaces. To enhance hydrogen detection
performance, Yu et al. proposed a differential photoacoustic-
stimulated Raman spectroscopy (DPA-SRS) method, combining
differential photoacoustic spectroscopy with Raman spectroscopy
to achieve sub-ppm detection under atmospheric pressure.'
However, such coupled excitation schemes generally require
sophisticated optical sources and complex acoustic signal
processing systems.

Laser-induced breakdown spectroscopy (LIBS) has emerged as
a promising atomic emission spectroscopy technique, offering
minimal sample preparation, rapid response, and the capability for
in situ and remote measurements.'® Previous studies have
demonstrated the feasibility of LIBS for hydrogen analysis. Kautz
et al. employed femtosecond LIBS to detect hydrogen isotopes in
Zircaloy-4.'7 Jdgi et al. applied single-pulse LIBS to detect
hydrogen isotopes in atmospheric-pressure Ar/N. mixtures.'$
Quackatz et al. further confirmed that LIBS enables quantitative,
temporal, and spatial measurements of hydrogen in steel.'
Additionally, Khumaeni et al. used a pulsed CO: laser as the
excitation source to identify clear Ha and Hp lines in helium with
weak background emission.?

In gas-phase measurements, compared with solid and liquid
samples, the low density and high breakdown threshold of gases
require higher laser pulse energies in single-pulse LIBS, which
often limits sensitivity. Various techniques have been developed to
enhance LIBS signal intensity, including dual-pulse excitation,
spark discharge enhancement, spatial confinement, microwave
enhancement, and nanoparticle enhancement.?' Spark discharge-
assisted LIBS (SD-LIBS) has attracted attention due to its compact
configuration and significant signal enhancement, using
secondary excitation of the laser-induced plasma via spark

discharge.?>%

Researchers have employed SD-LIBS for
molecular isotope analysis and achieved high-precision isotopic
characterization.”* Fechner et al. employed SD-LIBS for the

geographical identification of honey and demonstrated its
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potential as a simple, rapid, and environmentally friendly
analytical tool.?

Compared with traditional Q-switched Nd:YAG lasers,
compact, high-repetition-rate microchip lasers offer several
advantages, making them suitable for integrated spectroscopic
analytical systems. However, their relatively low pulse energy
limits spectral signal intensity. Therefore, combining a compact
microchip laser with spark discharge enhancement provides a
practical solution for gas-phase detection under realistic
engineering conditions.

When conducting quantitative hydrogen analysis in air, ambient
humidity can directly affect spectral measurements. >° Water vapor
generates Ho emission and thus causes interference in hydrogen
quantification. Hemming et al. demonstrated that in equivalence
ratio measurements of premixed methane—air mixtures, the Ho/O
intensity ratio varied by an average of 6% per 10% rise in relative
humidity. Seasonal or daily humidity fluctuations, even as low as
5%, can significantly impact spectral data.?’ Accordingly, the
humidity effect must be quantitatively evaluated and compensated
to guarantee accurate hydrogen detection using LIBS in open
atmospheres. When humidity exhibits marked seasonal variation,
humidity influence must be considered to achieve reliable in-situ
hydrogen measurements.

In this work, a compact microchip-laser-based SD-LIBS system
was developed for rapid quantitative hydrogen detection under
varying humidity conditions. The high-repetition-rate microchip
laser provides a compact excitation source suitable for system
miniaturization, while spark-discharge enhancement compensates
for its relatively low pulse energy by strengthening the gas-phase
Hq emission. This configuration enables rapid repeated spectral
measurements and provides a basis for the development of
sustained in-situ hydrogen monitoring in confined spaces. To
improve measurement reliability under varying humidity
conditions, an RH-dependent multistep correction strategy was
further introduced, using Ar I 794.82 nm as the primary in-
spectrum normalization reference, followed by humidity-
dependent Hq background correction and N 1 746.83 nm as a
secondary air-derived reference. The main methodological
contribution of this work therefore lies in integrating a compact
microchip-laser SD-LIBS platform with a humidity-oriented
correction strategy toward miniaturized and sustained in-situ
hydrogen monitoring.

EXPERIMENTAL

Gas samples and humidity monitoring. Since the experiment
was conducted within a confined space, a gas chamber was
constructed from transparent acrylic plates with a thickness of 6
cm and overall dimensions of 80 cm x 60 cm x 32 cm. Hydrogen
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was generated using a water electrolysis system and delivered into
the chamber. Two miniature fans were installed inside the chamber
to promote sufficient mixing of the injected hydrogen with the
surrounding air and to improve the spatial homogeneity of the
Ho/air/H2O mixture. Before measurement, sufficient time was
allowed to ensure gas-mixture homogeneity in the chamber. A
commercial hydrogen sensor, positioned above the two-
dimensional stage, hydrogen
concentration at the measurement location, which was maintained
below 40,000 ppm to ensure experimental safety. Hydrogen
concentration was measured with the commercial sensor
(repeatability: < 2%; stability: < 2%; operating temperature: 20—
50 °C; operating humidity: 15-90% RH), while ambient humidity
was monitored using a temperature and humidity meter (range:
10-99% RH, -10-60 °C; accuracy: £5% RH, £1 °C). Possible
water vapor introduced together with the electrolysis-generated

translation monitored the

hydrogen was therefore reflected in the measured chamber
humidity and was considered in the subsequent humidity-
dependent correction of the Ha signal. The temperature and
relative humidity inside the chamber were monitored using a
temperature and humidity meter. The gas temperature was 25 °C,
while the investigated relative humidity ranged from 32% to 74%
RH. At 25 °C, the saturation vapor pressure of water is
approximately 3.17 kPa. According to Pr2o=(RH/100) % Psu(T),
the RH conditions of 32%, 47%, 57%, 66%, and 74% correspond
to water-vapor partial pressures of approximately 1.01, 1.49, 1.81,
2.09, and 2.35 kPa, respectively. After completing one set of
measurements at a given humidity condition, the chamber was
opened and naturally ventilated for approximately 1 h until the
reading of the commercial hydrogen sensor returned completely
to zero before measurements under another humidity condition
were performed.

Instrumentation and operating conditions. The schematic
diagram of a microchip laser-based SD-LIBS experimental setup
used in this work is shown in Fig. 1. A microchip laser (Beijing
RealLight Technology Co., Ltd, China, model MCC-1064-1-120)
was used as the excitation source. The microchip laser operated at
a wavelength of 1064 nm with a pulse width of 750 ps and a pulse
energy of 120 pJ. The repetition rate was 1 kHz, and the beam had
an M? factor of 1.3 with a diameter of approximately 3 mm. The
laser beam was focused onto a copper target using a 4x
microscope objective (MO) with a numerical aperture (NA) of 0.1
to generate laser-induced plasma. The analytical sample in this
study was the surrounding Ha /air /H20 gas mixture, while the
copper target served as a cathode for initial plasma generation and
spark-discharge triggering. The focal spot diameter on the copper
target was approximately 51 pm, corresponding to a laser fluence
of approximately 5.9 J cm™ at a pulse energy of 120 pJ. The
copper target was mounted on an x—y translation stage moving at
0.5 mm/s. At a repetition rate of 1 kHz, the pulse-to-pulse
displacement was approximately 0.5 um, corresponding to about
0.98% of the focal spot diameter.
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Fig. 1 Schematic diagram of the experimental setup.

The spark discharge unit consisted of a direct-current (DC) high
voltage power supply (30 mA, 9 kV), a 50 kQ (200 W) current-
limiting resistor R, and a 5 nF (3 kV) capacitor C. A tungsten
needle electrode 1.6 mm in diameter served as the anode and was
positioned at an angle of about 45° to the copper cathode surface.
The distance from the anode to the cathode was about 2 mm. Once
the laser-induced plasma was generated on the copper cathode
surface, the electrode gap became conductive and a pulsed spark
discharge was triggered. Under the present operating conditions,
the discharge operated in a pulsed mode, with one spark-discharge
event triggered by each laser pulse, providing pulse-to-pulse
correspondence between laser excitation and discharge
enhancement.?® Plasma emission was collected by quartz lenses
and directed into two fiber-optic spectrometers. The 200—550 nm
range was recorded with an AvaSpec-ULS2048-3-USB2, and the
540-936 nm range with an AvaSpec-ULS4096-3-EVO (Avantes).
The two spectral ranges were acquired sequentially rather than
simultaneously; therefore, synchronization between the two
spectrometers was not required. The spectral resolution of the
spectrometers was better than 0.15 nm. The relative spectral
response of the spectrometers was calibrated using a standard
calibration lamp (Avantes, model Aval light-DHBAL-CAL),
which was particularly important for spectral-intensity
comparison and Boltzmann-plot temperature estimation. The
spectrometers were equipped with non-intensified CCD detectors
and operated in continuous-sampling mode. Because of the high
repetition rate of the microchip laser, no external pulse
synchronization, gate delay, or gate-width setting was used during
spectral recording. The integration time and averaging number
were set using the spectral data acquisition software. The
integration time was set to 50 ms, and each spectrum was averaged
over 15 repeated measurements. Therefore, the recorded spectra
were time-integrated signals rather than time-resolved plasma

emission.

XXX Atom. Spectrosc. 2026, 47(X), XXX—XXX.



Hydrogen signal humidity-dependent correction methods.
To realize accurate quantitative detection of hydrogen under
varying ambient humidity, it is necessary to correct for the
contribution of water vapor to the Ha signal. In this work, two
methods were adopted for comparative analysis. The first method
is direct subtraction of the Hq signal derived from water vapor.
Specifically, the SD-LIBS spectra of air without hydrogen
injection were acquired 15 times and averaged. The Hq line was
fitted using a Lorentzian function, and the fitted result was
regarded as the average background contribution of water vapor to
the Hq, signal. By subtracting this background from the H signals
corresponding to different hydrogen concentrations, the net peak
intensity of Hq line of hydrogen was acquired.

On the measured Hq signal under varying humidity conditions,
the Hq signal contains a combined response from both hydrogen
and ambient water vapor. While direct background subtraction
heavily relies on the consistency of spectral line intensities, an
alternative method was utilized. This method utilizes spectral
intensity normalization and an internal standard to correct for
background contributions, thereby providing a more robust and
reliable measurement. The specific procedure is described as
follows:

First, to eliminate the influence of baseline drift, each spectrum
was baseline-corrected by subtracting the averaged background
intensity measured at the wavelengths close to the analytical lines
without showing any atomic or molecular emissions, obtained
from 15 repeated measurements.

I'(A)=1(1)-1, M

where /(7) is the raw spectral intensity, and /p represents the
averaged background intensity at the wavelengths close to the
analytical lines without showing any atomic or molecular
emissions. The Hy 656.28 nm, N 1 746.83 nm, and Ar 1 794.82 nm
lines were individually corrected using their respective local
background intensities. In the subsequent quantitative analysis, the
spectral intensity / refers to the fitted peak height of each analytical
line after its respective local baseline correction.

The Ar I 794.82 nm line was selected as the primary in-
spectrum reference for intensity normalization. After local
baseline correction, each analytical signal was normalized by the
Ar I intensity measured in the same spectrum. Because Ho and Ar
I were recorded under the same laser excitation, spark-discharge,
optical collection, and spectral acquisition conditions, their ratio
was used to reduce common-mode experimental fluctuations. A
similar normalization strategy has been reported by Xu et al., who
used an Ar I line as an internal reference for Ho 656.28 nm
normalization and selected the reference line considering its
spectral isolation, comparable emission intensity, and similar
upper-level excitation energy to Hqe.?” The normalized spectral
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intensity is expressed as follows:

(2)=L4 @
I,
where /’(2) and I4 denote the baseline-corrected fitted peak
intensities of the corresponding analytical line and the Ar 1 794.82
nm line, respectively, obtained from the same spectrum.

First, background spectra were collected under varying
humidity conditions in a hydrogen-free atmosphere, and the
normalized intensity of the Hq signal originating from humid air
was defined as Hpg. Subsequently, hydrogen was injected into
experimental environment, and spectral data corresponding to
various hydrogen concentrations were acquired to obtain the
normalized total hydrogen and nitrogen signal intensities, denoted
as Hior and Ny respectively. The procedure was repeated across the
range of humidity conditions.

Under the assumptions of local thermodynamic equilibrium
(LTE) and optically thin plasma, the spectral intensity ratio is
linearly related to the atomic number density ratio.?® To account
for the contribution of water vapor in humid air, the total Hq signal
is assumed to be a linear combination of the target hydrogen and
the humid air background. After background subtraction, the
normalized Hq intensity attributable to H> can be expressed as:

Hcorr = Hmt - Hbg (3)

However, since Hz was introduced into ambient air, variations
in the local gas composition can influence the measured H, signal.
Because N2 is the dominant constituent of ambient air, the N 1
746.83 nm emission was introduced as an air-derived secondary
reference associated with variations in the local contribution of
surrounding air. Unlike the Ar 1 794.82 nm line, which was used
in the preceding step as the primary in-spectrum reference for
spectral normalization, the N I line was employed only in the
subsequent correction step. The Ho/N intensity ratio was used as
an empirical secondary correction parameter to improve the
robustness of hydrogen quantification against variations in the
local gas environment.

The corrected Ho/N ratio is defined as:

H,
(Ha / N )corr = ﬁ (4)
tot

By using the corrected Ho/N ratio in conjunction with varying
hydrogen concentrations, calibration curves that account for and
reduce the contribution of water vapor to the Hq signal can be
established. These calibration curves under different humidity
conditions then can be used for humidity-dependent calibration of

hydrogen in humid air.
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RESULTS AND DISCUSSION

Spectral observation. In the experiment, plasma emission spectra
were collected over a broad wavelength range of 200-936 nm
using two fiber-optic spectrometers. For clarity and to highlight
the characteristic emission lines related to hydrogen detection and
atmospheric species, Fig. 2 presents the representative spectra in
the wavelength range of 500-850 nm obtained by conventional
LIBS and SD-LIBS. The laser pulse energy was 120 pJ, and each
spectrum was averaged over 15 measurements. The LIBS signal
intensity was amplified 5-fold to show more clearly. As shown in
Fig. 2, without spark discharge enhancement, only three Cu atomic
lines could be clearly observed, while the emission lines of other
species were buried in the background because of the weak plasma
generated by the low pulse energy of the microchip laser. In
contrast, SD-LIBS produced a much stronger emission signal. The
signal enhancement factor of Cul510.55 nm, Cul 515.32 nm, and
Cu I 521.82 nm emission lines reached 9.66, 5.87, and 6.51,
respectively. In addition, the Hqy 656.28 nm, N 1 746.83 nm, and O
I 777.38 nm lines became clearly detectable under SD-LIBS
conditions. Under conventional LIBS, the emission was
dominated by Cu lines originating from laser ablation of the
copper cathode, while the low pulse energy of the microchip laser
was insufficient to produce strong emission from the surrounding
gas. After the spark discharge was triggered, additional electrical
energy was deposited into the discharge region, resulting in
enhanced excitation of the surrounding gas. Therefore, the H, N,
O, and Ar emissions observed under SD-LIBS were primarily
associated with discharge excitation of atmospheric species,
whereas the Cu emission mainly originated from laser ablation of
the copper target.

Figure 3 presents the spectra obtained under single-pulse LIBS
at 74% relative humidity and under SD-LIBS at 32% and 74%
relative humidity, all measured in the absence of hydrogen. As
shown in Fig. 3, even at high humidity, the weak pulse energy of
the microchip laser limits the detection of the Hq emission in the
absence of spark discharge enhancement. In contrast, under SD-
LIBS conditions, the Hq line intensity is significantly enhanced,
with the Hq signal at 74% relative humidity nearly twice that
observed at 32% relative humidity. Since no Hz was introduced in
these measurements, the observed Hu emission originates from
hydrogen-containing species in atmospheric water vapor excited
in the discharge region. Therefore, during hydrogen measurements,
the detected Hq signal cannot be attributed exclusively to the
injected Hz, but contains contributions from both the analyte Ha
and atmospheric water vapor. In addition, the Hq intensity is
influenced by humidity-dependent changes in the plasma
excitation conditions. Consequently, both the water-vapor
contribution and plasma-state variation should be considered for
reliable quantitative hydrogen analysis.

Discharge-voltage optimization and signal repeatability. To
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Fig. 2 Plasma emission spectra obtained by LIBS and SD-LIBS.
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Fig. 3 H, emission spectra obtained by LIBS and SD-LIBS under two
relative humidity conditions.

optimize the discharge-assisted enhancement, the effect of
discharge voltage on the signal-to-noise ratio (SNVR) of the Ha
656.28 nm line was investigated, as shown in Fig. 4. Here, the Hq
signal was first baseline-corrected and then normalized by the Ar
I 794.82 nm line before SNR calculation. The error bars indicate
the standard deviation of the repeated measurements under the
same experimental condition. As the discharge voltage increased
from 1000 V to 2000 V, the SNR of Hq increased correspondingly,
indicating that stronger discharge promoted more effective plasma
reheating and improved the detection sensitivity of hydrogen.
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Fig. 6 Boltzmann plots based on copper atomic emissions under different
relative humidity conditions.
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However, at higher discharge voltages, the O I 777.38 nm line
exhibits excessive intensity, leading to stronger air breakdown
between the electrodes, and the O I 777.38 nm signal approaches
or even exceeds the saturation limit of the spectrometer. This not
only compromises the accuracy of signal acquisition but also
increases the risk of detector oversaturation. Considering both the
signal enhancement and measurement reliability, a discharge
voltage of 1800 V was selected for subsequent experiments.

To evaluate the stability of the developed system, twenty
repeated measurements were carried out under identical
experimental conditions. The relative standard deviations (RSDs)
of the peak intensities for H, Ar, and N emission lines were
calculated, as presented in Fig. 5. The RSD values of all three
spectral lines were lower than 3.5%. This result demonstrates that
the microchip laser-based SD-LIBS system can produce stable
emission intensities. In addition, the reproducibility of the Ar
signal supports its use as a reference for intensity normalization,
reducing common-mode fluctuations associated with laser
excitation and discharge instability. Meanwhile, the N emission
line was retained as an empirical air-derived secondary reference
for the subsequent correction step.

Plasma temperature determination. To further investigate the
effect of humidity on the plasma excitation state under SD-LIBS
conditions, the plasma temperature was determined using the
Boltzmann plot method at different relative humidity levels.3-32
Although copper possesses abundant spectral emission lines, the
resonance lines at 324.75 nm and 327.40 nm were excluded from
the calculation to eliminate the interference of self-absorption
effects. Seven Cu I lines listed in Table 1 were selected for the
analysis, and the corresponding spectroscopic parameters were
taken from the NIST Atomic Spectra Database.®® The
corresponding Boltzmann plots are presented in Fig. 6. In this
method, the slope of the fitted line is equal to —1/ (ks T), where ks
is the Boltzmann constant, and 7 is the plasma temperature.

Figure 6 presents the plasma temperatures obtained from SD-
LIBS under varying humidity conditions using the Boltzmann plot
method. The plasma temperature decreases significantly with
increasing humidity. When the relative humidity increases from 32%
to 74%, the plasma temperature decreases by 1174 K. This trend
is consistent with previous reports, where higher humidity led to
lower peak plasma temperatures.>* This decrease is likely
attributable to the enhanced participation of water vapor in the
energy-transfer and collisional processes within the plasma.
Moreover, high humidity promotes plasma expansion and
collisional thermalization, which accelerates the energy loss of
high-energy electrons and ultimately reduces the plasma
temperature.

Electron density determination. The plasma electron density
was estimated from the Stark broadening of the Hq emission line
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Table 1 List of the transition parameters of copper atomic lines used to
build Boltzmann plot

Species A (nm) Aw(s™) f Ei(eV)
Cul 282.43 7.8x10° 6 5.78
Cul 40226 19x107 4 6.86
Cul 406.26 213107 6 6.87
Cul 427.51 3.45%x107 8 7.74
Cul 465.11 3.8x107 8 7.74
Cul 510.55 02107 4 3.82
Cul 515.32 6.0x107 4 6.20
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Fig. 7 Voigt fitting result of the H, 656.28 nm emission line.
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Fig. 8 Calibration curves for hydrogen analysis by the direct background
subtraction method.

generated from the excitation of water vapor in air. 3=’ The Hq
656.28 nm profile was fitted using a single Voigt function, as
shown in Fig. 7. In the fitting procedure, the Gaussian component
was fixed at the independently measured instrumental broadening
of 0.11 nm, obtained using a low-pressure mercury lamp. The

https://www.at-spectrosc.com/as/article/pdf/20260058s

fitted Lorentzian width was approximately 1.323 nm and was used
as the Stark-broadening contribution for the electron-density
calculation. The electron density N, is related to the full width at
half area (FWHA) of the H line.®

N 0.67965
cm

Here, FWHA refers to the full width at half area of the Hq line,
and N, is the plasma electron density. Furthermore, the McWhirter
criterion was used to evaluate whether the plasma electron density
satisfies the necessary condition for an approximate local
thermodynamic equilibrium (LTE) treatment.® The criterion
imposes a threshold requirement on electron density, as illustrated
in Equation (6).

1
N, (em™)>1.6x10"T2 AE® ©)

Here, AE represents the maximum energy difference between
the upper and lower levels of the spectral transition, and 7' is the
determined plasma temperature. The plasma electron density was
calculated to be approximately 1.32x10'7 cm™, satisfying the
electron-density requirement of the McWhirter criterion.

Quantitative analysis of hydrogen concentration using
humidity-dependent correction. Fig. 8 presents the calibration
curves for different hydrogen concentrations in air under varying
humidity conditions, which were acquired using the experimental
setup illustrated in Fig. 1 with a fixed laser pulse energy of 120 pJ.
In the experiments, the hydrogen concentrations were adjusted
from 0.5% to 3.5%, and calibrated by a commercial hydrogen
sensor, while the relative humidity was varied between 32% and
74%., monitored with a commercial hygrometer. To evaluate the
influence of ambient water vapor and evaluate its effect on
quantitative hydrogen analysis, the Hq signal contribution from
water vapor was first directly subtracted, as described in Section 2.

As depicted in Fig. 8, the calibration curves established by direct
subtraction of the water vapor Hq signal exhibited linear regression
coefficients below 0.950 across different humidity conditions.
This result demonstrates that the simple background subtraction
strategy is inadequate for achieving stable quantitative hydrogen
analysis. The Ha signal is influenced not only by the contribution
of water vapor but also by laser energy fluctuations, plasma state
variations, and discharge instability. Particularly for low-
concentration hydrogen samples, the direct removal of water-
derived Haq signals is prone to distorting the real results, thereby
weakening the consistency of the calibration response.

To further isolate the interference of ambient water vapor to the

Hq line, a hydrogen signal correction method based on spectral
intensity ratios was applied, following the procedure described in
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Fig. 9 Calibration curves for hydrogen analysis based on the humidity-
corrected Hy/N ratio.

Section2. The raw spectra were first baseline-corrected
according to Equation (1) and then normalized using the Ar I
794.82 nm line (Equation (2)) to reduce the effects of laser energy
fluctuations and discharge instability. The normalized hydrogen
spectral intensities under different humidity conditions were
further corrected via Equation (3). Variations in humidity and local
gas composition can alter the plasma environment and affect the
measured spectral response. The N I 746.83 nm line was therefore
used as an empirical air-derived secondary reference and the final
corrected Ho/N ratio was acquired according to Equation (4).

Figure 9 presents the calibration curves established by the
humidity-corrected Ho/N ratio to hydrogen concentration. It can
be observed that, for the fixed hydrogen concentration, the Ho/N
ratio decreases with increasing humidity. It is attributed to the
reduction in plasma temperature at higher humidity, which caused
plasma quenching. Since the upper energy level of the Ha
transition is highly sensitive to plasma temperature variations, the
effective Hu spectral intensity generated by hydrogen injection is
significantly affected. Compared with the direct subtraction of the
water-vapor-derived Ho signal, the combination of spectral
normalization and internal-standard correction substantially
improved the calibration linearity. The corrected Ho/N ratio
showed good linearity with hydrogen concentration under each
humidity condition, with R? values exceeding 0.980. Specifically,
the maximum R? value reached 0.993 at a relative humidity of
66%, indicating the improved calibration performance of the
proposed correction method in terms of linear correlation.

The estimated limit of detection (LOD) was determined based
on the 3o rule, expressed as follows:

3o,

LOD = (7

N

https://www.at-spectrosc.com/as/article/pdf/20260058s

Where op represents the standard deviation of the blank
response measured without hydrogen injection at 32% RH, the
value of o was calculated from 15 repeated blank measurements,
and s is the slope of the corresponding hydrogen calibration curve
obtained at 32% RH. Based on the calibration data, the LOD for
hydrogen in air, following humidity-dependent correction, was
estimated to be 941 ppm, indicating that the system is suitable for
early hydrogen leak detection, which is helpful to reduce the risk
of hydrogen combustion.

Overall, the direct subtraction of the Hq signal attributed to
ambient water vapor is highly sensitive to fluctuations in plasma
conditions and discharge stability. Particularly at low hydrogen
concentrations, variations in laser energy and spark discharge can
introduce substantial uncertainty into the corrected Hea signal,
leading to reduced quantitative reliability. Under high-humidity
conditions, plasma quenching further decreases measurement
accuracy and weakens calibration performance. In contrast, the
combination of spectral normalization and secondary correction
reduced the influence of laser fluctuations, discharge instability,
and humidity-related background interference, resulting in
improved calibration linearity under each investigated RH
condition. Specifically, the N I 746.83 nm line was employed as a
secondary air-derived reference following Ar normalization. The
resulting Ho/N correction reduced variations associated with
changes in the local gas environment and improved the stability of
quantitative hydrogen detection under the investigated conditions.

CONCLUSION

A microchip-laser-based SD-LIBS technique was established to
realize rapid quantitative hydrogen detection under variable
ambient humidity. Spark-discharge substantially increased the
emission intensity of the Hq spectral line, compensating for the
relatively low pulse energy of the compact microchip laser and
thereby supporting the development of a miniaturized hydrogen
detection system. Conventional commercial hydrogen sensors
typically require prolonged recovery periods following hydrogen
exposure. In contrast, the proposed spectroscopic method enables
rapid repeated spectral measurements and shows potential for
rapid hydrogen monitoring in confined spaces. To improve
measurement reliability under varying humidity conditions, a
multistep correction strategy was proposed. Specifically, the Ar I
794.82 nm line was used as the primary in-spectrum normalization
reference, followed by humidity-dependent correction of the Hq
background and subsequent use of the N I 746.83 nm line as a
secondary air-derived reference. Within the investigated RH range
of 32%—74%, the corrected Ho/N ratio exhibited good linear
correlation with hydrogen concentration under each humidity
condition. At 32% RH, the estimated LOD for hydrogen was 941
ppm. Overall, the present study demonstrates the feasibility of
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integrating a compact microchip-laser-based SD-LIBS platform
with an RH-dependent correction strategy for hydrogen analysis
in humid environments. The compact excitation configuration,
spark-discharge enhancement, and rapid repeated spectral
acquisition provide a basis for further system miniaturization and
sustained in-situ hydrogen monitoring in confined spaces.
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