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High-Sensitivity Hydrogen Detection With
Tantalum Metal Hydride-Coated

Tilted Fiber Bragg Gratings
Kasun Prabuddha Dissanayake , Ziqing Yuan, Herman Schreuders, Théo Travers ,

Lars J. Bannenberg , and Roger M. Groves

Abstract—This article presents the development and char-
acterization of a tilted fiber Bragg grating (TFBG) hydrogen
sensor functionalised with a nanometre-scale multilayer
thin film stack comprising tantalum (Ta), palladium-gold
(Pd0.6Au0.4), and polytetrafluoroethylene (PTFE). Ta is intro-
duced as a novel optical fiber sensing material for hydro-
gen detection, offering unique advantages in sensitivity,
reversibility, and hysteresis-free behavior. The optical design
of the TFBG ensures efficient coupling to cladding modes,
enabling a stable and repeatable hydrogen-induced spectral
response when coated with Ta. The sensor was tested over
a wide hydrogen concentration range from 0.001% to 100%
H2 at room temperature. Experimental results demonstrate a
measurable and reversible optical response in the mean cen-
ter wavelength of the cladding mode resonances, averaged
over the 1520–1580-nm spectral envelope, with a minimum
detection limit of 0.001% (~10 ppm) H2 and a maximum mean
wavelength shift of approximately 15 pm at 100% H2. The
Ta coating provides excellent optical performance, charac-
terized by an absence of hysteresis and a large, nearly constant relative sensitivity across an exceptionally wide
sensing range spanning at least five orders of magnitude in hydrogen concentration. Sensor stability and repeatability
were further confirmed through extended cycling between 0.1% and 4% H2, validating the robustness of the cladding
mode response. These results highlight both the unique TFBG-based optical architecture and the role of Ta as a high-
performance coating, supporting the potential of the Ta-TFBG sensor for sensitive, low-level hydrogen detection in
aerospace and energy applications.

Index Terms— Fiber optic sensors, hydrogen sensors, metal hydrides, tantalum (Ta), tilted fiber Bragg grating (TFBG).

I. INTRODUCTION

THE global energy sector is undergoing a transformative
shift toward decarbonisation to mitigate the impacts of
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climate change driven by carbon dioxide (CO2) emissions.
Hydrogen has emerged as a major alternative to conven-
tional carbon-based fossil fuels in this transition, owing to
its high-gravimetric energy density and clean exhaust char-
acteristics [1]. Its potential applications span a wide range
of sectors, including energy storage, transportation, industrial
processes, and aviation [2], [3], [4], where the reduction of
greenhouse gas emissions is a critical objective. However, the
safe and effective use of hydrogen requires advanced sens-
ing technologies capable of accurately monitoring hydrogen
concentrations, particularly in challenging operational environ-
ments [5], [6], as hydrogen-air mixtures containing more than
4% hydrogen are highly flammable [7].

Fiber-optic-based sensors offer distinct advantages under
such demanding conditions due to their small size, negligible
sensitivity to electromagnetic interference, spark-free opera-
tion, robustness [8], and capability for remote and distributed
sensing even with submillimeter spatial resolution [9]. Among
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Fig. 1. (a) Schematic of the Ta-TFBG hydrogen sensor design, highlighting the hydrogen-sensitive metal thin film stack (not to scale). (b) Zoomed
cross-sectional SEM image highlighting the nanometre-thick metal thin film stack on the fiber surface (low-energy electron imaging (LEI) mode).

the various fiber optic sensor configurations explored for
hydrogen detection so far, including intensity-based micromir-
ror sensors [10], surface plasmon resonance sensors [11], and
interferometer-based hydrogen sensors [12], [13], [14], fiber-
grating-based sensors have emerged as promising candidates
due to their ease of fabrication, temperature compensation
capability, and multipoint operation [15]. Within this category,
tilted fiber Bragg gratings (TFBGs) are of particular inter-
est [16], [17], [18], [19], as they exhibit strong sensitivity to
changes in the external refractive index (RI), making them
highly suitable for gas sensing applications.

Metal hydrides, particularly palladium (Pd), have been
extensively studied as sensing materials for optical hydrogen
detection. While Pd-based hydrogen sensors have demon-
strated promising performance [18], [20], challenges, such as
limited sensing range, hysteresis caused by phase transitions
at higher hydrogen concentrations, and coating delamination
have been reported [21], [22], highlighting the need for alterna-
tive materials. To address these limitations, tantalum (Ta) has
recently been introduced as a potential hydrogen sensing mate-
rial due to its high sensitivity, fast (subsecond) response times,
high-hydrogen solubility, hysteresis-free behavior across a full
hydrogen concentration range from ppm up to 100%, wide
operating temperature range, and the ability to tune its sensing
characteristics by alloying it with other metals such as Pd
or ruthenium, depending on the specific application [23],
[24], [25], [26], [27]. While Pd-coated sensors exhibit larger
wavelength shifts compared to Ta, the practical advantages of
Ta mentioned above outweigh this limitation.

In this work, a novel fiber optic hydrogen sensor has been
developed by combining a Ta metal hydride coating with a
TFBG optical transducer, leveraging the advantages of both
components. The sensing principle, experimental setup, and
sensor response to varying hydrogen concentrations are dis-
cussed in detail. The developed Ta-coated TFBG (Ta-TFBG)
was exposed to hydrogen concentrations ranging from 10 ppm
(0.001%) to 100% at room temperature (23 ◦C) to evaluate its
performance. This concentration range encompasses the lower
flammability limit of hydrogen in air (approximately 4%),
making the sensor highly suitable for early stage hydrogen leak
detection. Unlike many previously reported Pd-based TFBG

hydrogen sensors [16], [17], [19], which rely on amplitude
shifts, the proposed Ta-based sensor provides a wavelength
shift response, offering a more robust and drift-resistant sens-
ing metric. The results demonstrate the significant potential
of Ta-coated TFBGs as reliable, highly sensitive hydrogen
sensors for leak detection and other safety-critical applications.

II. HYDROGEN SENSING THIN FILM
STACK AND SENSING PRINCIPLE

As illustrated in Fig. 1, the Ta-TFBG sensor design features
a hydrogen-sensitive thin film stack composed of a 4-nm tita-
nium (Ti) adhesion layer, a 50-nm Ta sensing layer, a 15-nm
Pd0.6Au0.4 capping layer, and a 30-nm polytetrafluoroethylene
(PTFE) protective coating. The Ti layer ensures strong adhe-
sion of the Ta film to the fiber cladding, while the Ta layer
serves as the primary hydrogen-sensitive material due to its
ability to gradually absorb hydrogen. This hydrogen absorption
process relies on the dissociation of molecular hydrogen into
atomic hydrogen, a step facilitated by the Pd0.6Au0.4 capping
layer, which also protects the Ta from oxidation [28]. The
outer PTFE layer serves as a barrier against humidity due to
its hydrophobic nature, and mitigates interference from con-
taminant gases such as CO2 and nitrogen oxides. In addition,
PTFE has been shown to enhance hydrogenation kinetics by
lowering of the activation energy of the hydrogen dissociation
reaction and by keeping the surface clean such that more sides
remain available for hydrogen dissociation [29].

The thicknesses of these layers were chosen to strike a bal-
ance between sensitivity and signal quality. In particular, the
high-RI metal films—Ta and Pd0.6Au0.4—need to be carefully
controlled in thickness. If they become too thick, they absorb
too much of the evanescent light from the TFBG’s cladding
modes, causing the characteristic resonances to weaken or
even disappear, thereby degrading the sensor’s sensitivity and
signal clarity. Conversely, excessively thin layers significantly
reduce the hydrogen sensitivity of the device. Accordingly,
the selected layer thicknesses were optimized based on both
the present experimental study and our previous investigations
reported in [23], [24], [25], [26], and [27]. Maintaining the
metal layers at these optimized thicknesses preserves the
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visibility of the cladding resonances while ensuring effective
hydrogen sensing through absorption in the sensing layer.

Metal hydrides are compounds formed when a host metal
(M) absorbs hydrogen (H) upon exposure to a hydrogen-
containing environment. The sensing principle relies on
hydrogen absorption by the metallic layer (M + xH → MHx).
The thin-film stack reversibly absorbs hydrogen, altering its
optical properties—primarily the RI (n) and extinction coef-
ficient [28]—even at very low concentrations. The TFBG
transducer converts these changes into measurable spectral
variations, whose magnitude depends mainly on the complex
RI of the sensing layer, nsensing, which varies with hydrogen
concentration. The resulting RI changes affect the coupling
conditions of the cladding modes in the TFBG, producing
measurable shifts in the center wavelength and amplitude of
the cladding mode resonances in the transmission spectrum.
By tracking these spectral changes, the surrounding hydrogen
concentration can be quantitatively determined. It is worth
noting that the absorption of hydrogen can be accompanied
by volumetric expansion of the thin film layers, which may
give rise to strain-induced perturbations in the grating period as
well as strain-related variations in the RI of the grating region.
These effects of hydrogen absorption can be quantified through
analysis of the TFBG transmission spectrum, with changes
in wavelength shift and amplitude serving as key indicators
underlying the sensor’s hydrogen detection mechanism.

The center wavelength of the Bragg peak of the TFBG can
be expressed as follows [30]:

λBragg =

[
ncore

eff (λ) + ncore
eff (λ)

]
3g

cos θ
. (1)

The center wavelength of the i th cladding resonance in the
TFBG transmission spectrum is defined as follows:

λclad,i =

[
ncore

eff (λ) + ni
eff,clad

(
λ, nsensing

)]
3g

cos θ
. (2)

The reflectivity (R) or amplitude of individual cladding
mode resonances can be expressed as follows [31]:

R = tanh2 (
k

(
nsensing

)
L
)

(3)

where: ncore
eff (λ) is the effective RI of the core mode;

ni
eff,clad(λ, nsensing) is the effective RI of the i th cladding

mode, dependent on the RI of the hydrogen-sensitive thin
film stack; nsensing is the RI of the hydrogen-sensitive thin
film stack; λ is the wavelength; L is the length of the TFBG;
k(nsensing) is the coupling coefficient between the i th cladding
mode and the core mode, dependent on nsensing; 3g is the
grating period (distance between two tilted grating planes);
and θ is the tilt angle of the TFBG.

As nsensing varies with the surrounding hydrogen concen-
tration due to the absorption of hydrogen by the layers, both
ni

eff,clad and the coupling coefficient k change, leading to
measurable variations in the center wavelength and amplitude
of the cladding mode resonances in the TFBG transmission
spectrum. By monitoring these spectral characteristics, the
hydrogen concentration in the surrounding environment can
be effectively quantified.

Fig. 2. XRD pattern of the hydrogen sensing metal thin film stack.

III. SENSOR FABRICATION

The fabrication process of the sensor involved the deposition
of nanometre-thick metal thin films onto the surface of a TFBG
using a magnetron sputtering technique. Prior to deposition,
the fiber surface was cleaned with isopropyl alcohol to remove
any contaminants. The metal thin film stack was then deposited
onto the TFBG using a magnetron sputtering system (AJA Int.)
with a base pressure of 10−6 Pa. During deposition, the
fiber was mounted on a rotating holder under an argon (Ar)
atmosphere maintained at 0.3 Pa to ensure uniform coating.
The sputtering parameters and conditions were consistent
with those reported in our previous work [23], [24], [25].
The thickness of each layer was controlled by adjusting the
deposition time.

To characterize the coating, a 10 × 10 × 0.5 mm quartz
substrate was placed adjacent to the fiber, allowing the same
thin film stack to be deposited on both surfaces. This stack on
the quartz substrate was subsequently analyzed using X-ray
diffraction (XRD) and X-ray reflectivity (XRR) to evaluate
the structure and thickness of the coating. Fig. 2 shows the
XRD pattern of the deposited stack.

The diffraction peaks corresponding to the (111) and (222)
planes confirm the presence of the Pd0.6Au0.4 capping layer.
In addition, the peaks at the (110) and (220) planes of α-phase
Ta [23], along with the (002) and (004) peaks of β-phase Ta
[25], confirm the presence of both α and β phases of Ta in the
coating. These peaks indicate the crystalline nature and phase
composition of the deposited layers, confirming that the films
have distinct and well-defined crystal structures.

XRR analysis revealed the layer thicknesses to be 4-nm Ti,
50-nm Ta, 15-nm Pd0.6Au0.4, and 30-nm PTFE. Based on this
characterization, a uniform and well-defined thin film stack
was successfully deposited on the TFBG, with the coating on
the fiber expected to be similar to that on the quartz substrate,
apart from minor variations.

The TFBGs used in this work were fabricated by B-Sens
BV using a phase mask technique on a standard photosensitive
single-mode optical fiber with a core RI of 1.45 and a cladding
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Fig. 3. Transmission spectrum of the TFBG before and after deposition
of the hydrogen-sensitive metal thin film stack, recorded using unpolar-
ized input light.

RI of 1.445. A tilt angle of 6◦ was selected to ensure that the
cladding resonance envelope is centered around 1550 nm. The
length of the TFBG was 10 mm.

Fig. 3 presents the transmission spectrum of the TFBG
before and after the deposition of the metal sensing layer,
recorded using unpolarised input light. As anticipated,
a notable reduction in the amplitude of the cladding mode
resonances is observed following the deposition, which can be
attributed to the higher RI of the metal thin film stack com-
pared to that of the fiber cladding, as measured and reported
in [32] and consistent with established TFBG behavior [30].
The reduced amplitudes of the cladding mode resonances
primarily arise from the lossy nature of the high-index metal
coating, which introduces absorption and scattering losses that
attenuate the transmitted signal.

Another important feature observed after coating is the
distinct splitting of the cladding resonances relative to
the uncoated TFBG spectrum. The pronounced splitting of
the cladding resonances can be attributed to the optical
anisotropy of the coating, which causes the HE and EH
cladding modes to experience different effective refractive
indices and hence distinct resonant wavelengths. This behavior
is in agreement with prior studies on metal-coated TFBG sen-
sors [30]. While such split-mode characteristics are typically
prominent only in higher order modes of the TFBG spectrum,
the presence of the high-RI thin film stack induces this effect
across all cladding resonances. This universal mode splitting
enhances the sensor’s ability to resolve polarization-dependent
spectral features, which is valuable for understanding vectorial
sensing responses. In the present study, the polarization state
yielding the highest wavelength sensitivity will be selected for
further analysis, as detailed in Section IV.

IV. EXPERIMENTAL SETUP

A leak-free gas chamber was employed to characterize the
performance of the Ta-coated TFBG fiber optic hydrogen
sensor across a wide range of hydrogen concentrations. The
chamber was connected to three gas cylinders—pure Ar,
100% H2, and 0.1% H2 in Ar—through three independently
controlled mass flow controllers (MFCs). These MFCs enabled

Fig. 4. Experimental setup for hydrogen sensing using the Ta-coated
TFBG, including gas mixing via MFCs, a sealed chamber, and optical
interrogation through the LUNA Hyperion Si155 system.

precise regulation of the flow rates from each cylinder, allow-
ing fine control over the resulting hydrogen concentration
within the chamber. All experiments were conducted at room
temperature. (approximately 23 ◦C) and under atmospheric
pressure within the gas cell. Before testing, sensors were
stabilized under continuous Ar flow for 2 h, followed by
multiple full H2 loading/purging cycles to eliminate initial
stress artifacts and ensure repeatable responses. During mea-
surements, total flow was maintained at 200 sccm.

The hydrogen volume fraction was calculated based on the
real-time flow rate ratios, and the output from the MFCs was
recorded at a 1-Hz sampling rate throughout the experiment
for traceability and repeatability. The Ta-TFBG sensor was
mounted securely inside the chamber in a manner that ensured
the sensing region, i.e., the Ta-coated section, did not come
into contact with the chamber walls to avoid mechanical
interference. A reference TFBG, identical in structure but
uncoated, was positioned adjacent to the sensor to monitor
and compensate for any temperature- or flow-induced strain
effects during measurement. Both the sensing and reference
fibers were connected to a LUNA Hyperion Si155 optical
interrogator (wavelength repeatability of 0.3 pm at 1 Hz and a
dynamic range of 35 dB) via a hermetically sealed fiber optic
feedthrough (SQS Vláknová Optika A.S.).

To further enhance the measurement accuracy, a polarization
controller combined with a linear polariser was employed to
control the input polarization state of the light coupled into the
fiber. This setup enabled selective interrogation of the cladding
resonance mode most sensitive to wavelength shifts induced
by hydrogen among the previously described split polarization
modes.

The transmission spectrum of the TFBG sensor was contin-
uously monitored and recorded with a measurement interval
of 5 s. The sensor response was measured for a series of
hydrogen concentrations: 0.001%, 0.005%, 0.01%, 0.05%,
0.1%, 1%, 2%, 5%, 10%, 20%, 50%, and 100%. Each
hydrogen concentration step was held constant for a duration
of 1 h. A complete loading and unloading cycle was per-
formed across the entire concentration range from 10 ppm to
100% H2. As mentioned previously, hydrogen concentrations
are reported as volume percentages, calculated based on the
flow rates from the MFCs. Fig. 4 illustrates the experimental
setup used for these measurements.
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Fig. 5. Time-resolved response of the Ta-coated TFBG sensor under a full-hydrogen exposure cycle ranging from 0.001% to 100% H2. (a) Applied
H2 concentration profile calculated from the actual values recorded by the MFCs. (b) Transmission spectrum of the Ta-TFBG under different
hydrogen concentrations recorded under polarized input illumination and used to isolate a single cladding-mode branch from the polarization-
induced splitting. (c) Mean wavelength shift of cladding resonances between 1520 and 1580 nm. (d) Mean amplitude shift cladding resonances
between 1520 and 1580 nm. The sensor demonstrates reversible and stable wavelength shifts to dynamic H2 variations.

V. RESULTS AND DISCUSSION

A. Dynamic Hydrogen Response of the Ta-TFBG Sensor
The sensing performance of the Ta-coated TFBG sensor was

evaluated under a full hydrogen concentration cycle ranging
from 0.001% to 100% and back to 0.001%. The hydrogen con-
centration was varied in discrete steps during both the loading
and unloading phases, providing a complete hydrogenation and
dehydrogenation cycle for performance assessment.

The time-resolved dynamic response of the sensor is shown
in Fig. 5, which includes the applied hydrogen concentration
profile (a), Transmission spectrum of the Ta-TFBG under
different hydrogen concentrations (b), the mean center wave-
length shift (c), and the mean amplitude shift (d) of the
cladding resonances envelope within the 1520–1580 nm range.
This range encompasses all prominent cladding mode res-
onances, while the ghost and Bragg modes lie outside the

chosen range and are weak and not prominent in the trans-
mission spectrum due to the tilt angle selected to maximize
the strength and visibility of the cladding resonances.

The transmission spectra recorded at some of the main
hydrogen concentration steps are presented in Fig. 5(b). The
inset highlights a zoomed-in spectral region near 1550 nm,
where a distinct and progressive red shift in the center wave-
length of the cladding mode resonances is clearly observed as
the hydrogen concentration increases. This wavelength shift
is attributed to changes in the Ta-based sensing metal layer
stack, arising from hydrogen absorption and subsequent metal
hydride formation, which modify the boundary conditions of
the guided cladding modes through changes in the RI. Impor-
tantly, the cladding resonances remain sharp and well-defined
throughout the entire measurement range, indicating that the
multilayer thin-film coating does not introduce significant



DISSANAYAKE et al.: HIGH-SENSITIVITY HYDROGEN DETECTION WITH Ta METAL HYDRIDE-COATED TFBGs 19611

optical scattering or degrade the spectral resolution of the
sensor.

As illustrated in Fig. 5(c), the mean center wavelength,
calculated as the average over all cladding resonances, exhibits
a continuous and monotonic red shift with increasing hydrogen
concentration, followed by a near-symmetric return during
unloading. A measurable and repeatable spectral shift is
observed even at the lowest concentration tested, 0.001% H2,
confirming the sensor’s ultralow detection limit. This capabil-
ity to reliably detect hydrogen at concentrations well below
the 4% lower flammability limit is particularly critical for
high-risk environments such as hydrogen-powered aviation.
The total mean wavelength shift across the full range exceeds
15 pm and demonstrates excellent repeatability, with minimal
offset between the loading and unloading trajectories, indi-
cating a fully reversible and hysteresis-free optical response.
Minor fluctuations or sharp peaks observed in the signal are
attributed to flow variations or transient spikes from the MFCs,
which momentarily affect the actual hydrogen concentration
in the chamber. These peaks serve as clear indicators of
the material’s fast dynamic response to changes in hydrogen
concentration.
Fig. 5(d) presents the corresponding amplitude response of
the cladding resonances. Although inherently more susceptible
to noise than the wavelength shift, the amplitude variation
follows a similar trend: increasing with hydrogen exposure
and decreasing upon evacuation. The relatively low-signal
amplitude associated with this measurement contributes to a
lower signal-to-noise ratio (SNR), suggesting that the inter-
rogator may be operating near the limit of its amplitude
detection capability. The amplitude reaches its maximum value
near 100% H2 and returns to near-baseline levels during the
unloading phase, further confirming the reversible nature of
the sensor response. While the amplitude response provides
an additional sensing channel, its higher sensitivity to external
perturbations and low SNR mean it is best used to complement
the more robust and reliable wavelength-based measurement,
which remains the primary detection parameter for quantitative
hydrogen sensing.

To quantify sensor performance, the mean wavelength shift
of the cladding resonances was plotted against hydrogen con-
centration in Figs. 6 and 7. Fig. 6 shows the mean shift of the
cladding mode envelope (1520–1580 nm) on a semilogarithmic
scale, spanning five decades from 0.001% to 100% H2. The
response exhibits a well-defined logarithmic response with
minimal deviation between hydrogenation and dehydrogena-
tion cycles. The near-complete overlap confirms negligible
hysteresis, demonstrating the stability and reversibility of the
Ta sensing layer. These results are consistent with previous
studies on Ta-based hydrogen sensors, where both α- and
β-Ta phases showed robust, hysteresis-free behavior across
a broad pressure range [23], [25]. Notably, the linearity
observed in the semi-logarithmic plot indicates a constant
relative sensitivity across five orders of magnitude in hydrogen
concentration [with a sensitivity of 3 pm/decade(%H2)]—a
unique and highly desirable characteristic for practical sensing
applications. The linear trend observed on the semilogarithmic
scale further supports the unusually high-hydrogen solubility

Fig. 6. Semilogarithmic plot of the mean wavelength shift of the
cladding resonances as a function of hydrogen concentration from
0.001% to 100% H2, showing a highly linear and reversible response
over five orders of magnitude.

Fig. 7. Linear plot of the mean wavelength shift of the cladding
resonances versus hydrogen concentration, highlighting enhanced sen-
sitivity below 2% H2 and the onset of saturation-like behavior at higher
concentrations.

within a single crystallographic phase of Ta, thus with-
out any phase transitions and associated hysteresis—unlike
Pd-based sensors [33]. The log-linear response arises from
the thermodynamics of hydrogen uptake in Ta: the metal-
to-hydrogen ratio scales logarithmically with H2 concentra-
tion [33], and since film expansion and wavelength shift both
respond linearly to hydrogen uptake, the overall response is
log-linear.

Fig. 7 presents the same data on a linear scale, highlighting
two distinct sensitivity regimes. In the low-concentration range
(0.001%–2% H2), the sensor exhibits a steeper slope, with a
sensitivity of approximately 5 pm/%H2. This is likely due to
the sharp RI changes as the Ta sensing layer absorbs relatively
large amounts of hydrogen even at very low concentrations.
At higher concentrations (>10% H2), the response curve
flattens slightly, indicating a modest reduction in sensitivity
and a less pronounced change in signal with further increases
in hydrogen concentration.
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Fig. 8. Dynamic response of the Ta-coated TFBG sensor over multiple
exposure cycles between 0.1% and 4% H2. The main plot shows the
wavelength shift of a representative cladding resonance centered at
1555 nm over a 28-h period, while the inset highlights a single cycle
to illustrate the sensor’s repeatability, fast response, and negligible
hysteresis.

B. Repeatability and Stability of the Sensor
Fig. 8 presents the dynamic response of the Ta-coated

TFBG hydrogen sensor subjected to repeated exposure cycles
between 0.1% and 4% H2 at room temperature. The y-axis
denotes the wavelength shift of a representative cladding
resonance centered at 1555 nm, chosen for its high SNR
and its position within the most sensitive region of the
spectrum near 1550 nm. The x-axis corresponds to the total
measurement duration, which spans approximately 28 h. Each
cycle is characterized by a sharp rise and fall in the center
wavelength, corresponding to the alternation between high-
and low-hydrogen concentrations.

The sensor exhibits a distinct, step-like, and highly
repeatable spectral response across all cycles, demonstrating
excellent reproducibility. Upon exposure to 4% H2, the res-
onance consistently shifts by approximately 19 pm, while
flushing the chamber with 0.1% H2 leads to a return to
approximately 15 pm. These abrupt and nearly symmetric
transitions indicate rapid hydrogen absorption and desorption
in the Ta-based metal hydride layer, highlighting the fast
reaction kinetics of the sensing material.

The inset of Fig. 8 illustrates a magnified complete cycle
in detail, demonstrating the sensor’s ability to clearly resolve
transitions between 0.1% and 4% hydrogen levels with negli-
gible hysteresis. This segment also facilitates estimation of the
sensor’s temporal response. Previous work has shown that the
intrinsic response time of the Ta hydrogen-sensitive material
is less than 1 s when transitioning from 0.1% to 4% H2 at
room temperature [23].

In the current setup, the sensor is housed within a gas cell
with an internal volume of 0.4 L. The time required for the cell
to reach saturation at a given hydrogen concentration—based
on the gas flow rate—must be considered when evaluating the
response time. In this study, the total flow was maintained

at 200 sccm. Despite the relatively large cell volume, the
measured response time, defined as the duration required to
reach 90% of the final wavelength shift, is approximately 100 s
for hydrogenation and 500 s for recovery (dehydrogenation).
We note that this represents an upper bound on the response
time. The intrinsic sensor response cannot be readily extracted
from these measurements because the extrinsic response of
the setup is relatively large, due to the chamber’s substantial
volume, which leads to particularly long transients during
hydrogen concentration steps.

The consistent peak wavelength shift values observed across
all cycles confirm the long-term stability and robustness of the
sensor. No noticeable signal drift, baseline offset, or amplitude
degradation was observed over the 28-h test period, indicating
minimal fatigue or performance deterioration of the sensing
layer. In summary, this cycling experiment validates the dura-
bility, reversibility, and fast response of the Ta-coated TFBG
sensor under repeated low- and mid-level hydrogen exposure,
especially below the 4% lower flammability limit. These
results confirm the sensor’s suitability for continuous and
repeated hydrogen monitoring, particularly in safety-critical
applications where long-term reliability and repeatability are
essential.

VI. CONCLUSION

A hydrogen sensor based on a TFBG coated with a Ta-based
metal hydride multilayer thin film has been developed and
experimentally validated across an extensive hydrogen concen-
tration range from 0.001% to 100% H2. The sensor exhibited
robust and repeatable optical responses in both the amplitude
and center wavelength of the cladding mode resonances, with a
minimum detection limit of 0.001% H2 and a maximum mean
wavelength shift of approximately 15 pm at 100% H2. The
spectral response followed a linear trend on a semilogarithmic
scale with a sensitivity of 3 pm/decade(%H2), and negligible
hysteresis was observed during full-hydrogen loading and
unloading cycles, confirming the reversibility and stability of
the Ta sensing layer.

Dynamic measurements revealed consistent response and
recovery behavior over multiple cycles between 0.1% and
4% H2, with response and recovery times of approximately
100 and 500 s, respectively. The sensor’s wavelength-based
signal exhibited low noise and high repeatability, while the
amplitude response, although more susceptible to external
perturbations, provided complementary information. Enhanced
sensitivity was observed in the sub-2% H2 range, indicating
potential for early leak detection well below the 4% lower
flammability limit in air.

These results confirm the suitability of Ta-coated TFBG sen-
sors for low-level hydrogen detection and real-time monitoring
in harsh environments. Future work will focus on extending
the operational temperature range and assessing long-term
reliability under thermally and mechanically dynamic condi-
tions relevant to aerospace, energy, and hydrogen infrastructure
safety. Ta has already demonstrated excellent hydrogen sensing
performance at both elevated (270 ◦C) and cryogenic (−60 ◦C)
temperatures [26], [27].
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The optical design of the Ta-TFBG sensor may be fur-
ther optimized by tuning the thicknesses of the multilayer
stack to improve the response time and employing higher
tilt angles to excite higher order cladding modes, thereby
enhancing the wavelength sensitivity. Ongoing efforts will
also aim to decouple the RI response from strain effects
associated with hydride-induced expansion, by leveraging the
polarization-dependent split cladding resonances introduced
by the thin-film structure, as well as by tracking the Bragg
(core mode) resonance to quantify and subtract temperature
and strain contributions from the cladding mode shifts induced
by hydrogen absorption near the fiber surface.
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