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Measurement of the birefringence variation induced
by dihydrogen diffusion into a
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We report continuous measurements of the transmission
spectrum of a fiber loop mirror interferometer composed
of a Panda-type polarization-maintaining (PM) optical fiber
during the diffusion of dihydrogen (H,) gas into the fiber.
Birefringence variation is measured through the wavelength
shift of the interferometer spectrum when the PM fiber is
inserted into a gas chamber with H, concentration from 1.5
to 3.5 vol.% at 75 bar and 70°C. The measurements corre-
lated with simulation results of H, diffusion into the fiber
lead to a birefringence variation of —4.25 x 10~® per mol m=
of H, concentration in the fiber, with a birefringence vari-
ation as low as —9.9x10~% induced by 0.031 gmolm™"' of H,
dissolved in the single-mode silica fiber (for 1.5 vol.%). These
results highlight a modification of the strain distribution in
the PM fiber, induced by H, diffusion, leading to a variation
of the birefringence that could deteriorate the performances
of fiber devices or improve H, gas sensors. © 2023 Optica
Publishing Group

https://doi.org/10.1364/0L.484658

The diffusion of H, gas into optical fibers has been thoroughly
studied during the development of fiber Bragg gratings (FBGs)
[1], due to the large improvement of the photosensitivity to UV
radiations of standard single-mode telecommunication fibers
(SMFs) when a fiber was exposed to high-pressure H, for sev-
eral days or even weeks [2]. Knowledge of H, concentration in
the fiber is important for controlling the photosensitivity, the
fiber losses, the modification of photoelastic properties, and the
augmentation of the refractive index leading to variations of the
properties of fiber Bragg grating-based components after manu-
facturing [3-5]. More recently, Kong and Dong have developed
a UV-post-processing technique based on the diffusion of H,
into a polarization-maintaining (PM) SMF for locally modify-
ing the acoustic velocity coefficient (by ~ 2%), leading to a
Brillouin frequency shift of up to =320 MHz, with a Brillouin
frequency shift of around —2% per wt.% of OH level [6]. They
demonstrated the possibility of using this technique to tailor the
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acoustic velocity along a fiber for improving the suppression
of the parasitic stimulated Brillouin scattering in a fiber ampli-
fier. Delepine-Lesoille et al. have demonstrated Brillouin optical
time-domain analyses of H, diffusion into a SMF, in distrib-
uted sensing configuration, with a Brillouin frequency shift of
about 0.21 MHz per percent of H, concentration in the fiber [7].
Additional experiments based on simultaneous Brillouin and
Rayleigh backscattering measurements during H, outgassing
from H,-loaded SMF (at saturation) have demonstrated a varia-
tion of the acoustic velocity of 5.2 ms™ per mol% H, dissolved
in silica and of the refractive index of silica of about 9.7 x 10~
RIU per mol% H, dissolved in silica [8]. These results allow the
development of distributed fiber sensors for remote monitoring
of slow variation of H, concentration in H,-rich atmospheres,
as for high-level and long-lived intermediate-level radioactive
waste repositories. In contrast to most H, fiber sensors that are
based on a deposited thin layer of a sensitive material [e.g., pal-
ladium (Pd) and tungsten oxide (WO3) [9—13] ], raw-fiber-based
distributed sensors offer remote, robust, long-term, and H, sens-
ing in long-range structures in harsh and explosive conditions.
They do not undergo delamination or cracking of the sensitive
layer that could lead to severe stability problems [14,15]. How-
ever, SMFs suffer from a low H, sensitivity, as the variation of
the Brillouin frequency is about 21 MHz for a hydrogenation
saturation at 25°C and 150 bar. With the prospect of gaining
in sensitivity while protecting the sensing material to external
deterioration, we have demonstrated that the insertion of Pd par-
ticles inside the stress-applying parts (SAPs) of a Panda-type
PM-SMF leads to a variation of the fiber birefringence during
H, diffusion [16]. This modified fiber improved the wavelength
shift of the transmission spectrum of a fiber loop mirror (FLM)
interferometer by 32% and reduced the response time by 50%,
in comparison with the same PM-SMF without Pd particles.
Both PM fibers were inserted within a FLM interferometer and
put in a gas chamber fully filled (100%) with H, gas. Besides,
in comparison with a FBG written in a SMF (also inserted in
the gas chamber), we observed that both PM fibers exhibit a
faster response time and a larger wavelength shift. These results
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Fig. 1. (a) Experimental setup of the FLM interferometer hydro-
gen monitoring system based on commercial PM Panda fiber. (b)
Transmission spectrum of the interferometer with a fiber length of
4 m.

associated with the large Brillouin frequency shift (—320 MHz)
reported by Kong and Dong [6] in a PM-SMF (against 21 MHz
in a SMF [7]) highlight a modification of the strain distribution
in the PM-SMF, induced by H, diffusion, leading to significant
variation of the fiber birefringence that could deteriorate the
performances of devices or improve H, gas sensors.

In this paper, we explore this birefringence variation in a
simple commercial PM-SMF (Thorlabs XP-1550, composed of
boron-doped SAPs). We have designed an experimental setup to
continuously measure the birefringence variation of PM fibers
during diffusion of H, under controlled pressure and tempera-
ture. Different H, concentrations from 0.5 to 3.5 vol.% at 75 bar
have been applied showing a birefringence variation of about
—-4.2x107® per mol m™ of H, dissolved in silica.

The experimental setup used for continuously measuring the
diffusion of H, into a PM-SMF, shown in Fig. 1(a), is composed
of ahermetic gas chamber (volume of 2.5 1) with two channels for
hydrogen (H,) gas and nitrogen (N,) gas flowing with controlled
pressure and temperature.

The PM-SMF, spliced between two pigtails of SMF, is
inserted into the chamber and connected through hermitic opti-
cal connectors to the arms of a SMF-based 3 dB coupler to form
a FLM interferometer. An amplified spontaneous broadband
light source (BBS; Amonics ALS-CL-17B-FA) with a central
wavelength of around 1550 nm and a spectral bandwidth of 100
nm is used with an optical spectrum analyzer (OSA; Yokogawa
AQ-6370, wavelength resolution of 0.05 nm) for measuring the
transmission spectrum of the FLM. The PM fiber is a Panda-
type fiber (Thorlabs XP-1550) with an inner cladding diameter
of 125 um and a core diameter of 8 um. The SAPs are composed
of boron-doped silica with a diameter of 36.5 um distanced by
4.5 um from the germanium-doped core center. The fiber has a
core/cladding index difference of 5.5x107* and a SAP/cladding
index difference value of —12x107*. A FLM interferometer is
a sensitive configuration to many physical parameters, and in
particular to the birefringence of a PM fiber [17,18]. The trans-
mission spectrum T(1) of the FLM [Fig. 1(b)] depends on the

Letter

length L and on the group birefringence B of the PM fiber,
as the incident light from the BBS is split into two beams of
clockwise and anticlockwise propagations. Each of the resul-
tant beams is decomposed into two polarization components
after it travels through the high-birefringence fiber. The counter-
propagating beams recombine at the output of the coupler and
exhibit interference according to the phase difference induced
by the birefringence. The output spectrum can be expressed as
a sine-square function relative to the incident light wavelength
[17]:

7uﬁmﬁ#?, (1)

where A is the wavelength. The dip wavelength A,, in the inter-
ferometer spectrum [Fig. 1(b)] corresponds to T(4,,) = 0 and is

described as

A =L, @
m

where m is an integer.

The measurement of the shift of the transmission spectrum
(i.e., dip wavelengths 4,,) enables the sensing of tiny variations
of the birefringence (B). The sensitivity is limited by the limit of
detection of the wavelength shift that depends on the period of
the interferences and the resolution of the OSA. As the length of
the PM fiber has only an effect on the period of the interferences,
a fiber length of 4 m was selected, leading to a FLM spectrum
composed of 40 dips (within a wavelength range of 70 nm of
the BBS) with a period of FWHM = 1.32 nm [Fig. 1(b)]. A
resolution of 0.05 nm of the OSA was used for ensuring an
efficient tracking of the wavelength dips, with measurements
each minute. By (2), the measured birefringence of the PM fiber
is estimated to be 4.33x10™ at around 1550 nm at ambient
temperature and pressure. The diffusion of H, inside the optical
fiber is monitored by measuring each minute the transmission
spectrum of the FLM and more precisely by tracking the shift
of the dips. As these wavelength shifts are a consequence of the
birefrigence variation, it is an indirect and accurate means of
sensing H, diffusion into the fiber. The temporal evolution of
H, diffusion through the cross section of an optical fiber (from
the external boundary to the center) is expressed by Fick’s law,
leading to (3) for the H, concentration [H,] [19]:

10[H,]
or? r or |’

amaszmu -

ot

where D is the diffusion coefficient of H, into SiO,, expressed
for silica as [20]

401
D =2.83x10%exp (—%), (4)

where R is the universal gas constant and T the absolute tem-
perature. It is worth noting that H, diffusion does not depend
on the gas pressure, but on the temperature. Higher tempera-
tures and smaller fiber diameters lead to faster H, diffusion in
silica. The concentration of H, in silica at saturation ([H,],,) is
obtained from the solubility S of H, into SiO, by the relation
(20]

_PwS _ Pwy - 8900
[H ] = NN, X 71 x 10*" exp (_RT , (5)

with N, the Avogadro constant and py, the partial pressure of H,.
It is clear that the concentration of H, at saturation is larger for
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Fig. 2. (a) Pressure and temperature variations and (b) wave-

length of spectrum dips during the calibration measurements with

N, gas.

1500

lower temperature and/or higher pressure. Therefore, the tem-
perature and the pressure of H, in the gas chamber were set at
70 °C and 75 bar, respectively. This enables a rather fast H, dif-
fusion in the fiber samples until saturation with measurable H,
concentration, which leads to the following experimental pro-
tocol. Measurement with N, gas was realized to calibrate the
system. As shown in Fig. 2(a), the chamber was initially filled
with ambient air at room temperature (17.5 °C), then N, was
inserted at 60 bar (during 7 hours, for checking the hermiticity
of the chamber), and finally the temperature and N, pressure
were increased up to 70 °C and 75 bar, respectively. These con-
ditions were maintained during 67 hours to enable slow dynamic
measurements. Then the gas was released and the temperature
was decreased to room temperature. Continuous measurements
of the transmission spectrum of the FLM allow us to quantify a
linear shift of the wavelength dips of 0.01 nm per hour [Fig. 2(b)]
corresponding to the drift of the measurement system.

To monitor the diffusion of a given concentration of H, into the
PM fiber, the chamber was initially filled with N, gas (p = 60 bar
at room temperature, 18.5 °C) during a few hours to check again
the hermiticity. Then, H, was injected in the gas chamber with a
partial pressure corresponding to the desired H, concentration.
Next, the temperature of the mixture (N, + H,) was increased to
70 °C (leading to a pressure of 75 bar) Finally, after 67 hours in
these conditions, the chamber was purged, opened, and the PM
fiber was removed and replaced by a virgin one. This protocol
was used for measuring the diffusion of H, at a concentration
of 0.5, 1.5, 2.5, and 3.5 vol.%. Figure 3 shows the evolution of
the dip wavelength of the FLM measured on-line each minute
during this hydrogenation protocol for a gas chamber filled with
N, gas mixed with 1.5 vol.% of H, gas.

By an appropriate calibration procedure, detailed in Supple-
ment 1, we obtain the normalized wavelength shift [(1 — 4¢)/ Ao,
with 4, the wavelength at the beginning of the hydrogenation
stage] of the average interference dips versus the hydrogenation
time plotted in Fig. 4, for different H, concentrations. The curves
include the correction from the system calibration. They exhibit
a continuous shift of the interference dip to shorter wavelengths
following an exponential decay until a plateau corresponding
to the saturation regime. As the kinetics of H, diffusion in this
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Fig. 3. Wavelength of spectrum dips during the hydrogenation
protocol with 1.5 vol.% of H, gas.
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Fig. 4. Normalized wavelength shift of the average interference
dips during the hydrogenation protocol with different hydrogen

concentrations (orange, 1.5 vol.%; blue, 2.5 vol.%; green, 3.5
vol.%).

Table 1. Summary of Results After Hydrogenation and
Computed Values

[H,) p(H,)/ % (67h) ¢ (sat)/ % (sat) ¢ (67h)/ AB(67h)
%o bar x10-4  molm™ x10-4 ~ molm™ x1077
1.5 1.06 -2.39 2.76 -2.60 2.54 -0.99
2.5 1.77 -4.23 4.60 -4.60 4.23 -1.70
35 2.48 -6.25 6.45 —-6.80 5.93 -2.52

transient regime only depends on the temperature, we have sim-
ulated [from (3)] the normalized diffusion of 100% H, (at 70
°C) into the center of a silica cylinder of 125 um in diameter,
and then fitted the normalized wavelength shift of the average
interference dips with this simulation curve by applying, for
each concentration, a multiplication factor that corresponds to
the mean normalized wavelength shift at saturation (column 5
in Table 1). Indeed, after 67 hours of hydrogenation at 70 °C the
normalized concentration of H, is about 91.96% of the satura-
tion stage. As shown in Fig. 4, these curves match the measured
data emphasizing that the kinetics of H, diffusion into the fiber
was correctly measured with this apparatus based on a Panda PM
fiber. After 67 hours of hydrogenation in these conditions (75
bar and 70 °C), the mean normalized wavelength shift obtained
from these curves is summarized in Table 1. The mean normal-
ized wavelength shift at saturation (column 5 in Table 1) is also
equal to the measured value (column 3 in Table 1) divided by
91.96%.

The concentration of H, in the fiber can be calculated at
saturation (column 4 in Table 1) from (5) knowing the partial
pressures for the different concentrations of H,, following the
hydrogenation protocol. This factor of 91.96% is also applied
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Fig. 5. (a) Normalized wavelength shift of interference dips and
(b) birefringence variation versus the concentration of H, dissolved
in silica.

to c(sat) for obtaining the concentration of H, in the fiber at the
end of the hydrogenation process (column 6 in Table 1). It is
worth noting that these concentrations correspond to 0.12, 0.21,
and 0.29 umol of H;, in the 4 m long Panda fiber for the different
hydrogenation concentrations of 1.5, 2.5, and 3.5 vol.% of H,,
respectively. Furthermore, these also correspond to a ratio of
H, in silica of about 0.6x107*, 1.1x107*, and 1.5x107*, respec-
tively. These calculations lead to plotting the mean normalized
wavelength shift (at #y, = 67 h) versus the H, concentration at
the same time [Fig. 5(a)] that is linearly fitted with a slope of
—1.05x10~* per mol m™ and a standard error of 4.2x107°. Fur-
thermore, (2) is linear in B, so that the normalized wavelength
shift A1/, induced by a birefringence variation AB is simply
expressed as

AA(t) A1) -4y AB() 6)

o A B (

with B, the birefringence at the beginning of the hydrogenation
stage, easily computed from the positions of A, at the initial
time [see Fig. 5(b)]. The calculation of B, from the measured
transmission spectrum of each experiment (at 5, = 0 h) leads
to a birefringence variation at #;, = 67 h of about —9.9x107%,
—1.7x1077, and —2.52x107, respectively. These variations are
linearly fitted versus the H, concentration in silica [Fig. 5(b)]
with a slope of —4.25x107® per mol m~ (with a standard error
of 1.16x107), which is equivalent to a birefringence variation
of —7.43x1078 per vol.% of H, in the chamber (with a standard
error of 2.66x107%).

In conclusion, we have demonstrated continuous monitor-
ing of H, diffusion into a commercially available Panda PM
fiber within a FLM interferometer inserted in a gas cham-
ber, with H, concentration from 1.5 to 3.5 vol.% at 75 bar
and 70 °C. The evolution of the H, concentration in the fiber
was obtained by correlating the simulation of the normalized
diffusion of H, in the fiber core with the measurements of
the wavelength shift of the FLM transmission spectrum. From
these results we have demonstrated a birefringence variation of
—4.25%x107® per molm™ of H, concentration, with a birefrin-
gence variation as low as —9.9x10~® induced by 2.54 mol m™
of H, dissolved in silica (for 1.5 vol.%). As this result has been
obtained at almost saturation (#y, = 67 h), smaller birefringence
variation could be measured during the diffusion of H, into
the fiber, which is emphasizes the sensitivity of this configura-
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tion. Furthermore, this configuration does not require any fiber
post-processing, fiber functionalization with a material sensi-
tive to H,, or a specific component. It is robust, of low cost,
compact, easy to realize, and highly compatible with industrial
applications that require the remote monitoring of slow leakage
of H, (in harsh environments), such as within nuclear waste
disposals. In addition, this experimental demonstration offers
new insights for developing novel PM fibers with improved H,
sensitivity.
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