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Abstract: The hydrogen and deuterium diffusion process in standard single-mode silica optical
fibers was investigated using forward-stimulated Brillouin scattering. The method relies on the
sensitivity of the resonance frequency of the transverse acoustic modes of the fiber to changes in the
fiber’s elastic properties. We developed a pump-and-probe experiment to stimulate and interrogate
a large number of transverse acoustic modes in a short section of fiber undergoing gas loading
at high pressure, followed by outdiffusion. The shift in resonance frequencies was monitored
throughout the process. Thus, the temporal dynamics of gas diffusion were investigated. The
changes in the two acoustic velocities —shear and longitudinal— and in Poisson’s ratio resulting
from gas diffusion were obtained. For an estimated hydrogen concentration of 0.57 mol.%, a
change of 0.96 m/s and 2.46 m/s was measured in the shear and longitudinal acoustic velocities,
respectively, and a change in the Poisson’s ratio of 1.6× 10−4.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The effects of the presence of hydrogen and deuterium on silica have been thoroughly investigated
in the context of optical fibers. Various fundamental studies have highlighted the impact of
the diffusion of these gases on the optical and mechanical properties of optical fibers [1–4].
Exposure of fibers to hydrogen results in increased fiber attenuation in the transmission window,
and hydrogen molecules in the glass network have also been shown to negatively affect pump
efficiency in rare-earth-doped fiber lasers and amplifiers [5]. In the field of fiber optic sensors,
hydrogen diffusion affects both Raman-based distributed sensors [6] and backward Brillouin
scattering (BBS)-based sensors [7,8]. In the latter case, the hydrogen content modifies Brillouin
scattering in two ways: it reduces the gain amplitude and shifts the Brillouin frequency. In
particular, the frequency shift is partially due to the change in the fiber’s elastic properties [9].
However, several applications benefit from changes in the physicochemical properties of optical
fibers caused by the presence of hydrogen or deuterium. Kong and Dong [10] demonstrated
that, in combination with UV irradiation, hydrogen diffusion can be used to modify and partially
suppress the Brillouin gain in telecommunication fibers. Moreover, hydrogen (or deuterium)
loading is used for Bragg gratings writing in fibers, as it significantly improves the formation of
gratings in Ge-doped silica core fibers upon UV irradiation [11,12].

In this work, we report the use of forward-stimulated Brillouin scattering (FSBS) for investigat-
ing the effects of the diffusion of hydrogen and deuterium on the elastic properties of single-mode
optical fibers. FSBS involves the interplay of two copropagating optical waves and a nearly
transverse acoustic mode [13]. In recent years, many interesting applications based on FSBS
have been demonstrated [14–19]. FSBS is strongly dependent on the geometric and the elastic
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properties of the optical fiber, making it an effective mechanism for the accurate characterization
of optical fibers. Notable results in this regard include the measurement of the Poisson ratio
in optical fibers with unparalleled accuracy [20], the characterization of the elastic properties
of fiber coatings [21], and the analysis of the fiber diameter with nanometer resolution [22,23].
By this method, we investigated how the mechanical properties of the optical fiber change due
to the diffusion of H2 or D2, as well as its temporal dynamics. The method benefits from the
high Q factor (>5000) of the FSBS gain peaks. The multi-peak response of FSBS contributes to
improved accuracy, as it allows linear fitting procedures to be used to obtain the results.

The variation of the longitudinal acoustic velocity (vL) in H2-loaded optical fibers was
previously studied using BBS [9]. BBS involves only one acoustic mode—the fundamental
longitudinal acoustic mode. However, the variety of acoustic modes that can be stimulated by
FSBS, with different properties, allowed us to extend previous reports and to investigate the
impact of H2 and D2 diffusion on both acoustic velocities, longitudinal (vL) and shear (vS), and
on the Poisson’s ratio of the optical fiber. In addition, FSBS permits to monitor the diffusion
from the beginning of the process, since the acoustic field expands over the whole fiber cross
section, while BBS only detects the presence of the gas when it reaches the core of the fiber. In a
potential sensing application for hydrogen detection, early detection is critically important since
hydrogen is highly flammable and requires very little energy to ignite.

The proposed technique complements the classical optical methods to analyze hydrogen and
deuterium diffusion in optical fibers, as in monitoring attenuation at specific wavelengths [2]
and measuring changes in the core refractive index [24–26], which in fact do not monitor the
beginning of the diffusion process.

2. Fundamentals

In single-mode optical fibers, two types of transverse acoustic modes can be optically stimulated
through FSBS: pure radial acoustic modes R0,m, and torsional radial modes of angular order
n= 2, TR2,m [13]. Phase-matching is fulfilled for acoustic modes close to their cutoff frequency.
The study reported in this paper is based on the response of torsional-radial TR2,m modes. TR2,m
modes exhibit transverse displacement vector profiles with two-fold azimuthal symmetry. Strictly
speaking, the displacement vector of the TR2,m acoustic modes comprises both, an angular (shear)
component and a radial (dilatational) component. However, particularly for high-order modes, it
has been shown that TR2,m modes exhibit either a strong shear character, with a field dominated by
the angular term, or a dilatational character, with a field dominated by the radial term [20,28]. We
denote these as TR2,m

(1) and TR2,m
(2), respectively. Their cutoff frequency can be approximated

by [20]:
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where cm = mπ − π/4, with m being an integer number that denotes the mode order, a is the fiber
radius and vS and vL are the shear and longitudinal acoustic velocities, respectively. The second
term within the parentheses in Eq. (1) and (2) quickly tends to zero with increasing mode order.
Thus, the frequency is nearly linear with respect to the mode order in both cases, with slopes
proportional to vS and vL, respectively.

The diffusion of hydrogen or deuterium in the silica matrix modifies the mechanical properties
of the optical fiber, which in turn affects the acoustic velocities [29]. Under the pressure and
temperature conditions of the experiments, the diffusion proceeds interstitially with no significant
chemical interaction with the host material [1,3,25]. H2 and D2 molecules are trapped singly in
interstitial sites in silica [2].
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According to Eq. (1) and (2), a change in the acoustic velocities leads to the frequency shift of
the FSBS acoustic modes. Therefore, by measuring the frequency shift of both types of TR2,m
acoustic modes, the effects of gas diffusion on the two acoustic velocities and, by extension, on
the Poisson’s ratio can be derived. Moreover, while each mode will undergo a specific amount of
shift, the relative frequency shift, ∆Ω/Ω, will remain constant for all modes of the same sub-type.
This approach enabled us to implement averaging strategies or linear fitting procedures to obtain
the results, thereby reducing uncertainty.

Radial modes are also sensitive to changes in the mechanical properties of the fiber. Therefore,
diffusion of H2 or D2 into the fiber can be investigated with R0,m acoustic modes. Their cut-off
frequency is nearly proportional to vL [20], thus, changes in vL can also be obtained from radial
acoustic modes.

It is worth to note that the cutoff frequency of FSBS acoustic modes depends only on the
mechanical properties of the optical fiber, not on its optical properties. Therefore, changes in
acoustic properties can be directly obtained from FSBS. It is not necessary to know the variation
in optical properties that also occurs in the optical fiber due to H2 or D2 diffusion to obtain
changes in the acoustic properties. This approach differs from techniques based on backward
Brillouin scattering in which the frequency shift results from the superposition of both mechanical
and optical properties. In [9], the increase in the longitudinal acoustic velocity in optical fibers
with H2 concentration was determined by the combination of backward Brillouin scattering
and Rayleigh scattering measurements. The latter were performed to determine the variation in
refractive index that was required to work out the longitudinal acoustic velocity variation from
Brillouin scattering measurements. On the other hand, backward Brillouin scattering does not
provide information about shear acoustic velocity.

Acoustic velocities are determined by Young’s modulus E, the density of the material ρ, and
the Poisson’s ratio ν as [29]:

vL =

√︄
E(1 − ν)

ρ(1 + ν)(1 − 2ν)
(3)

vS =
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E

2ρ(1 + ν)
(4)

The presence of H2 or D2 can affect all elastic and geometric parameters. When those changes
are homogeneous over the optical fiber cross-section, which is a reasonable assumption at
saturation, the relative frequency shift can be expressed as follows:
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where i= 1, 2 denotes the sub-type of TR2,m acoustic mode, ∆a is the change in the radius of
the fiber, ∆ρ is the change in density, and ∆E and ∆ν are the change in Young’s modulus and
Poisson’s ratio, respectively. The coefficients C(i) depend on the Poisson ratio, taking the values
C(1) = −0.43 and C(2) = 0.50 for ν = 0.174 [20]. It is important to note that the only term in
Eq. (5) that differs for shear-like and dilatation-like TR2,m modes is the one that concerns the
change in Poisson’s ratio.

3. Experimental aspects

3.1. Experimental setup

Figure 1 illustrates the experimental setup that uses a pump-probe configuration. The FSBS
acoustic modes were optically stimulated using a pulsed Nd-YAG microchip laser operating at
1064 nm. The laser emitted linearly polarized pulses of duration 700 ps with a repetition rate of
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19 kHz and pulse energy of 7 µJ. The oscillation of acoustic modes was probed using a linearly
polarized CW tunable laser diode that emits at 1550 nm, with a 10 kHz linewidth and 6.25 mW
optical power. The polarization state of the pump and probe waves was adjusted using a set of
waveplates and a fiber polarization controller, respectively.

Fig. 1. Experimental setup for hydrogen or deuterium diffusion monitoring. FUT: fiber
under test; PC: polarization controller; PD: photodiode; BPF: band-pass filter; L: collimation
lens; PM: power meter; WDM: wavelength-division multiplexer; ESA: electric spectrum
analyzer.

The fiber under test consisted of a section of 25 cm of Corning SMF-28 fiber with its coating
removed. Pump and probe waves were delivered to the FUT through a 1064 nm/1550 nm
wavelength-division multiplexer (WDM) fiber coupler that was fusion spliced to the FUT. The
pump wave leakage at the output port of the WDM was photodetected and used as the trigger
signal for the oscilloscope. A second WDM was spliced at the output end of the FUT to remove
the pump. The polarization modulation of the probe wave resulting from the oscillation of
the acoustic modes was converted into and intensity modulated signal using a Glan-Thompson
linear polarizer. This modulation was then photodetected and acquired using an oscilloscope
and an electrical spectrum analyzer (ESA). The FUT was placed inside a sealed chamber, into
which hydrogen or deuterium was injected through an inlet. Pressure was monitored during the
experiment with a digital pressure gauge with an absolute error of 0.3 bar. The temperature of
the chamber was precisely controlled and kept within a range± 0.1°C during the measurement
sequence.

3.2. Measurement procedure

Experiments were performed with hydrogen and deuterium. A different section of fiber was
used in each experiment. For each gas, the FUT underwent a complete cycle of gas loading
(reaching saturation) and complete outdiffusion. Hydrogen or deuterium was introduced into
the chamber at a controlled pressure of 50 bar and 23°C. According to [11,25], the estimated
concentration of H2/D2 in the fiber at saturation was 0.57 mol. %. The FSBS spectrum of a
number of TR2,m acoustic modes of both sub-types, with resonance frequency ranging from
108 MHz to 560 MHz, were recorded at different instants during the cycle. The spectrum of each
resonance was acquired with 100 averages. The acquisition time for all measured modes was
in the order of a few minutes. The time interval between two consecutive measurements was
adapted to the response. For instance, during the initial phases of loading and degassing, when
rapid changes were observed, data were collected at two-hour intervals. However, near saturation
or complete outdiffusion, data were collected every 24 hours. The peaks in the spectrum exhibited
a SNR> 30 dB. The resonance frequency of each acoustic mode was subsequently obtained after
fitting a Breit-Wigner-Fano model [30] to the acquired spectra.
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4. Experimental results

Figure 2 presents the spectrum corresponding to TR(2)
2,6 acoustic mode at five pertinent times in

the loading/outdiffusion cycle, that is, (1) before gas pressure was applied, (2) immediately after
gas pressure was applied, (3) at saturation, (4) immediately after gas pressure was released and
(5) when the outdiffusion was complete. This particular case corresponds to the experiment
with deuterium. When deuterium pressure was applied to the fiber, the peak shifted to a lower
frequency. This phenomenon is merely a consequence of the pressure and does not have a relation
to the diffusion of the gas into the fiber. The study of the effect of pressure on FSBS is beyond
the scope of this paper and will be analyzed elsewhere. The pressure-induced frequency shift
remained constant during the gas loading stage, as the pressure was maintained constant at 50
bar. A shift of the peak towards higher frequencies was observed during the D2 loading stage.
Figure 2(b) shows the spectrum at the beginning of the gas loading stage and at saturation. When
pressure was released, the initial negative shift induced when pressure was applied was reversed,
as can be seen in Fig. 2(c). A net positive shift of 101 kHz was observed between the pristine
fiber as in Fig. 2(b) and the D2-saturated fiber for this specific acoustic mode. Finally, during
the outdiffusion stage, the peak shifted towards lower frequencies until the gas outdiffusion was
complete, and the initial spectrum was recovered. No measurable broadening of the spectra
was observed, which could indicate that the presence of deuterium in the fiber does not have a
noticeable impact on acoustic attenuation. Similar qualitative behavior to that shown in Fig. 2
was observed in other acoustic modes, and when the fiber was exposed to H2.

Fig. 2. Normalized power spectral density (PSD) corresponding to the TR(2)
2,6 acoustic mode

during D2 diffusion experiments at 23°C. (a) Before starting the process; (b) just after gas
pressure was applied (0 days) and after 21 days of D2 loading at 50 bar; (c) just after releasing
the gas pressure (21 days) and after complete gas outdiffusion (53 days). Black lines show
the raw data while red lines show the best fit.

Figure 3(a) shows the resonance frequencies of the modes measured in this work as a function
of the mode order. Empty dots indicate specific TR2,m modes whose response is not well described
by Eq. (1) and (2), as their displacement fields contain both dilatational and shear components of
comparable amplitude. This happens when a TR(1)

2,m mode and a TR(2)
2,m mode are quasi-degenerated.

Those modes were not considered for further calculations. Note that mixed-type modes can be of
interest because of their different response from that of dilatational-type and shear-type modes,
which could eventually be exploited to perform simultaneous and discriminative measurement of
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different magnitudes. Acoustic modes with mode order lower than 4 were excluded because they
exhibit a strong mixed-type behavior [28]. Acoustic modes with mode order beyond 15 were not
considered as the signal-to-noise ratio of the peaks was not good enough to obtain the resonance
frequency with enough accuracy.
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Fig. 3. (a) Frequency of the TR2,m acoustic modes measured in this work as a function of
mode order. (b) Frequency shift and (c) relative frequency shift of TR2,m acoustic modes
at saturation with respect to the pristine fiber. TR(1)

2,m are shown in black and TR(2)
2,m in red.

Empty symbols indicate modes with strong mixed character.

The frequency shift and relative frequency shift that they experienced when the fiber was
saturated with deuterium is shown in Fig. 3(b) and 3(c). As shown in Fig. 3(c), most of the
acquired acoustic modes of a given series – TR(1)

2,m or TR(2)
2,m– exhibited, within the experimental

uncertainty, similar values of relative frequency shift.
Figure 4 shows the temporal evolution of the relative frequency shift, ∆Ω/Ω, of a representative

dilatational-like mode and a shear-like mode during the loading and outdiffusion phases, for H2
and D2. The relative frequency shift was calculated by taking the frequency of the peak with the
fiber in air (room pressure) as the reference frequency. The best fits of an exponential function to
the experimental data are included. Noticeable differences in the dynamic response of modes of
the same subtype were not observed.

Fig. 4. Dynamic evolution of the relative frequency shift due to diffusion and outdiffusion
of H2 (blue dots) and D2 (pink dots) for selected torsional-radial modes: (a) TR(2)

2,6 and

(b) TR(1)
2,8. Lines show the best fit.

A thorough examination of the sources of error in the experimental data was conducted.
Uncertainty in temperature and pressure during the experiment were by far the main sources of
error. Considering the temperature coefficients [18], an uncertainty in temperature of 0.1 °C
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results in an uncertainty of 0.06× 10−4 and 0.1× 10−4 in the relative frequency shift for TR(1)
2,m

and TR(2)
2,m modes, respectively. The pressure uncertainty of 0.3 bar leads to uncertainties of

0.018× 10−4 and 0.024× 10−4 in the relative frequency shift. This calculation is based on the
frequency shift experienced by the peak when the pressure was applied.

5. Discussion

The positive frequency shift with hydrogen and deuterium diffusion (negative shift in the
outdiffusion stage) observed in both types of acoustic modes indicates that the two acoustic
velocities increase with the presence of both gases. According to Eq. (5), this result implies
that the main contribution comes from the change in Young’s modulus, which is consistent with
previous reports [10]. For both gases, the relative frequency shift is larger for dilatational-like
acoustic modes. This can be explained by taking into account Eq. (5). The last term in Eq. (5)
that accounts for the change in Poisson’s ratio is negative for shear-like modes and positive for
dilatation-like modes. As the other terms are common to both types of modes, this contribution
counteracts the effect of Young’s modulus in the first case and adds up in the second. Furthermore,
a larger shift is achieved with H2 compared to D2, for both types of acoustic modes.

Table 1 summarizes the change in the relative frequencies of the saturated fiber once gas
pressure was released, compared to the original fiber. The included values are the result of
averaging the relative frequency shift at saturation of all modes measured for each sub-type.
The uncertainties stated include frequency errors resulting from the PSD fitting process and the
temperature and pressure uncertainty contribution.

Table 1. Relative frequency shift at saturation and time constant

∆Ω/Ω t95% (days)

Gas type TR(1)
2,m TR(2)

2,m Loading Outdiffusion

H2 (2.6 ± 0.1) × 10−4 (4.1 ± 0.2) × 10−4 10.4 ± 1.2 9.2 ± 1.2

D2 (1.9 ± 0.1) × 10−4 (3.7 ± 0.1) × 10−4 8.0 ± 1.2 9.1 ± 1.2

The experimental time constants for gas loading and outdiffusion phases were obtained from
exponential fits of the dynamic curves. The time interval that takes the dynamic response to
reach 95% of the steady state, t95%, is shown in Table 1. These values are the average over all
measured modes. In all cases, the uncertainty is< 1.2 days. Notice that the time constants during
the loading and outdiffusion stages are comparable when considering the uncertainty. The time
constant values obtained by this method range between 8.0 days and 10.4 days. Those values are
somehow comparable to those reported in other works. For example, following the approach
described in [24], t95%=11.6 days is expected for the H2 loading in a 125 µm diameter fiber
at 23°C. In [31], experimental measurements on different types of fibers were performed and
t95%=8.3 days were found for GeO2 doped core single-mode fiber at room temperature. In [33],
t95%=11.6 days was measured for H2 fiber outdiffusion.

The increase in the two acoustic velocities can be calculated from the relative frequency shifts
by taking into account Eq. (1) and (2). The increase in the two acoustic velocities ∆vS and ∆vL
at saturation is shown in Table 2. The acoustic velocities of the pristine fiber assumed for this
calculation were 3740 m/s and 5996 m/s, respectively [20], and changes in the fiber radius were
neglected. The change in the two velocities is slightly smaller in the D2 loaded fiber than in the
H2 loaded fiber. We attribute the differences in the elastic response to the different molecular
mass of H2 and D2. The increase in longitudinal acoustic velocity aligns with previous reports.
In [28], an increase of ∼2.5 m/s was reported when experimental conditions were similar to ours.

As mentioned previously, among the different contributions to the frequency shift described
in Eq. (5), the change in Poisson’s ratio is the only one that differs between the two subtypes
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Table 2. Increment of acoustic velocities and Poisson’s ratio at saturation

Gas type ∆vS (m/s) ∆vL (m/s) ∆ν

H2 (0.96 ± 0.04) (2.46 ± 0.12) (1.6 ± 0.3) × 10−4

D2 (0.71 ± 0.04) (2.23 ± 0.04) (1.9 ± 0.2) × 10−4

of acoustic modes. Therefore, the increase in Poisson’s ratio due to the presence of gas in the
fiber can be calculated from the difference between the relative frequency shift of TR(1)

2,m and
TR(2)

2,m modes. Table 2 shows the increase in the Poisson’s ratio at saturation. This increase was
obtained using the relative frequency changes at saturation shown in Table 1 and assuming a
value of ν = 0.174 for silica. The change of Poisson’s ratio can also be obtained from the two
acoustic velocities, as it is solely dependent on the ratio between them [29].

It is important to note that the diffusion dynamics and saturation concentration of the gas
in the fiber depend on temperature and pressure [25]. Therefore, the acoustic velocities and
Poisson’s ratio changes that are summarized in Table 2 are only applicable to the conditions of
the experiments.

The present method demonstrates that the FSBS can detect changes in the elastic properties
of the fiber immediately after the onset of gas loading (see Fig. 4). In most methods based on
absorption [2,7,24,31], refractive index change [25,32] or backward Brillouin scattering [28],
there is a lag time before the effects of gas diffusion are detected. These methods are sensitive to
changes in the fiber core, thus, the gas must reach the fiber core to be able to detect its effects.
Under the experimental conditions of this work, modelling of the diffusion dynamics of hydrogen
into the optical fiber [25] indicates that it takes over 24 hours for the concentration of hydrogen
in the core area to become noticeable. Conversely, FSBS enables detection of changes at any
point of the optical fiber cross-section, including near the surface, as the displacement field of
FSBS acoustic modes overlaps the entire fiber cross-section.

A comparative of the performance of the present work based on FSBS and other different
methods presented in the literature to detect hydrogen diffusion in optical fibers is given in
Table 3. Optical methods that are based on interrogating the changes of refractive index or optical
absorption in the fiber core due to hydrogen diffusion [24,25,27] exhibit very low detection limit,
in the order of 1 ppm or lower. The detection limit demonstrated by using BBS is limited by the
low sensitivity (1 MHz/ppm) and the linewidth of the Brillouin gain line. In this regard, FSBS
takes advantage of the narrow linewidth of the gain peaks and the multi-peak response, both of
which contribute to reduce uncertainty, thereby enhancing the detection limit.

Table 3. Comparison of performance of different methods for monitoring H2 diffusion in
optical fibers

Ref. / Measuring technique
Detection limit

(ppm) Spatial resolution
Response time

(hours)

Present work / FSBS 90 25 cm < 0.1

[24] / Optical absorption 1b 1 km > 24a

[25] / FBG Fabry–Perot interferometry 10 10 mm > 24a

[27] / CP-ϕOTDR < 1 6 m > 24a

[8] / BBS 950 2.5 m > 24a

aEstimated value at 23°C and 50 bar.
bA detection limit for attenuation changes of 0.1 dB/km is assumed.
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6. Conclusions

Forward-stimulated Brillouin scattering is proposed as a direct technique for monitoring the
temporal dynamics of hydrogen and deuterium diffusion in standard single-mode optical fibers.
The proposed method is based on the dependence of the cutoff frequency of FSBS acoustic
modes on the mechanical properties of the fiber. Thus, changes in the elastic properties of the
fiber due to gas diffusion were accurately determined by measuring the frequency of a set of
specific FSBS acoustic modes. By taking advantage of the different characteristics of the two
sub-types of torsional-radial acoustic modes, changes in the two acoustic velocities and in the
Poisson’s ratio produced in H2 / D2 loaded optical fiber were determined. Additional distinctive
features that may support potential uses of FSBS include the ability to detect changes in the fiber
from the gas onset and the relatively short fiber section (cm scale) required.
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