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We report continuous measurements of the transmis-
sion spectrum of a fiber loop mirror (FLM) interferome-
ter composed of a panda-type polarization maintaining
(PM) optical fiber during the diffusion of dihydrogen
(H2) gas into the fiber. Birefringence variation is mea-
sured through the wavelength shift of the interferometer
spectrum when the PM fiber is inserted into a gas cham-
ber with H2 concentration from 1.5 % (vol) to 3.5 % (vol)
at 75 bar and 70 °C. The measurements correlated with
simulation results of H2 diffusion into the fiber lead to
a birefringence variation of −4.25 × 10−8 per mol/m3 of
H2 concentration in the fiber, with a birefringence varia-
tion as low as −9.9 × 10−8 induced by 0.031 µmol/m of H2
dissolved in the single-mode silica fiber (for 1.5 % (vol)).
These results highlight a modification of the strain distri-
bution in the PM fiber, induced by H2-diffusion, leading
to a variation of the birefringence that could deteriorate
the performances of fiber devices or improve H2 gas
sensors. © 2023 Optica Publishing Group
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The diffusion of H2 gas into optical fibers has been thoroughly4

studied during the development of the fiber Bragg gratings [1],5

due to the large improvement of the photosensitivity to UV6

radiations of standard single-mode telecommunication fibers7

(SMF) when the fiber was exposed to high-pressure H2 for sev-8

eral days or even weeks [2]. Knowledge of H2 concentration in9

the fiber is important for controlling the photosensitivity, the10

fiber losses, the modification of photo-elastic properties and the11

augmentation of the refractive index leading to variations of the12

properties of fiber Bragg grating based components after man-13

ufacturing [3–5]. More recently, Kong et al. have developed an14

UV-post-processing technique based on the diffusion of H2 into15

an polarization-maintaining (PM) SMF for locally modifying16

the acoustic velocity coefficient (by ≈2 %), leading to a Brillouin17

frequency shift up to −320 MHz, with a Brillouin frequency shift18

around −2 % per wt% of OH level [6]. They demonstrated the19

possibility to use this technique to tailor the acoustic velocity20

along a fiber for improving the suppression of the parasitic stim-21

ulated Brillouin scattering in a fiber amplifier. Delepine-Lesoille22

at al. have demonstrated Brillouin optical time-domain analyses23

of H2 diffusion into a SMF, in distributed sensing configuration,24

with a Brillouin frequency shift of about 0.21 MHz/% of H2 con-25

centration in the fiber [7]. Additional experiments based on26

simultaneous Brillouin and Rayleigh backscattering measure-27

ments during H2 out-gassing from H2-loaded SMF (at saturation)28

have demonstrated a variation of the acoustic velocity of 5.2 m/s29

per % mol of H2 dissolved in silica and of the refractive index of30

silica about 9.7 × 10−4 RIU per % mol of H2 dissolved in silica [8].31

These results allow the development of distributed fiber sensors32

for remote monitoring of slow variation of H2 concentration in33

H2 rich atmosphere, as for high level and long-lived interme-34

diate level radioactive waste repositories. In contrast to most35

H2 fiber sensors that are based on a deposited thin layer of a36

sensitive material (ex. Palladium (Pd) and tungsten oxide WO337

[9–13]), raw fiber based distributed sensors offer remote, robust,38

long-term, and H2 sensing into long-range structures in harsh39

and explosive conditions. They do not undergo delamination40

or the cracking of the sensitive layer that could lead to severe41

stability problems [14, 15]. However, SMF suffers from a low H242

sensitivity, as the variation of the Brillouin frequency is about43

21 MHz for a hydrogenation saturation at 25 °C and 150 bar. In44

the prospect to gain in sensitivity while protecting the sensing45

material to external deteriorations, we have demonstrated that46

the insertion of Pd particles inside the stress applying parts47

(SAP) of a Panda-type PM-SMF leads to a variation of the fiber48

birefringence during H2 diffusion [16]. This modified fiber im-49

proved the wavelength shift of the transmission spectrum of a50

Fiber Loop Mirror (FLM) interferometer by 32 % and reduced51

the response time by 50 %, in comparison to the same PM-SMF52

without Pd particles. Both PM fibers were inserted within a FLM53

interferometer and put in a gas chamber fully filled (100 %) of H254

gas. Besides, in comparison with a FBG written in a SMF (also55

inserted in the gas chamber), we observed that both PM fibers56

http://dx.doi.org/10.1364/ao.XX.XXXXXX
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exhibit a faster response time and a larger wavelength shift.57

These results associated with the large Brillouin frequency shift58

(−320 MHz) reported by Kong at al. [6] in a PM-SMF (against59

21 MHz in a SMF [7]) highlight a modification of the strain dis-60

tribution in the PM-SMF, induced by H2-diffusion, leading to61

significant variation of the fiber birefringence that could deterio-62

rate the performances of devices or improve H2 gas sensors.63

In this paper, we explore this birefringence variation in a64

simple commercial PM-SMF (Thorlabs XP-1550, composed of65

boron doped SAP). We have designed an experimental setup to66

continuously measure the birefringence variation of PM fibers67

during diffusion of H2 under controlled pressure and tempera-68

ture. Different H2 concentrations from 0.5 to 3.5 % (vol) at 75 bar69

have been applied showing a birefringence variation of about70

−4.2 × 10−8 per mol/m3 of H2 dissolved in silica.71

The experimental setup used for continuously measuring72

the diffusion of H2 into an PM-SMF, shown in Figure 1(a), is73

composed of a hermetic gas chamber (of 2.5 L volume) with two74

channels for hydrogen (H2) gas and nitrogen (N2) gas flowing75

with controlled pressure and temperature.
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Fig. 1. (a) Experimental setup of the FLM interferometer hy-
drogen monitoring system based on commercial PM Panda
fiber, BBS = broadband source, OSA = optical spectrum ana-
lyzer, (b) Transmission spectrum of the interferometer with a
fiber length of 4 m.

76

The PM-SMF, spliced between two pigtails of SMF, is inserted77

into the chamber and connectorized through hermitic optical78

connectors, to the arms of a single-mode fiber based 3 dB-coupler79

to form a FLM interferometer. A broadband light source (BBS)80

with a central wavelength around 1550 nm and a spectral band-81

width of 100 nm is used with an optical spectrum analyzer (OSA,82

wavelength resolution of 0.05 nm) for measuring the transmis-83

sion spectrum of the FLM. The PM fiber is a Panda-type fiber84

(Thorlabs XP-1550) with an inner cladding diameter of 125 µm85

and a core diameter of 8 µm. The stress-applying parts (SAP)86

are composed of boron-doped silica with a diameter of 36.5 µm87

distanced by 4.5 µm from the germanium-doped core center.88

The fiber has a core/cladding index difference of 5.5 × 10−3 and89

a SAP/cladding index difference value of −12 × 10−3. A FLM90

interferometer is a sensitive configuration to many physical pa-91

rameters, and in particlular to the birefringence of a PM-fiber92

[17, 18]. The transmission spectrum T(λ) of the FLM (Fig. 1(b))93

depends on the length L and on the group birefringence B of94

the PM fiber, as the incident light from the BBS is split into two95

beams of clockwise and anticlockwise propagations. Each of the96

resultant beam is decomposed into two polarization components97

after it travels through the high birefringence fiber. The counter-98

propagating beams recombine at the output of the coupler and99

exhibits interference according the phase difference induced by100

the birefringence. The output spectrum can be expressed, as a101

sine-square function relative to the incident light wavelength by102

[17]:103

T(λ) = sin2 πBL
λ

(1)

where λ is the center wavelength of the light source. The dip104

wavelength λm in the interferometer spectra (Fig. 1(b)) corre-105

sponds to a phase shift of 2mπ (m is an integer) and is described106

as:107

λm =
L

2m
B (2)

The measurement of the shift of the transmission spectrum108

(i.e., dip wavelengths λm) enables to sense tiny variations of109

the birefringence (B). The sensitivity is limited by the limit of110

detection of the wavelength shift that depends on the period of111

the interferences, and the resolution of the OSA. To find the best112

configuration, we have evaluated the sensitivity of the system at113

ambient temperature with several lengths of PM fiber (0.6 m, 4 m114

and 10 m) and with different measurement resolutions (0.2 nm,115

0.1 nm and 0.05 nm). The FLM spectra with a PM fiber length of116

0.6 m, 4 m and 10 m are composed of 7, 40, and 100 dips, respec-117

tively, in a wavelength range of 70 nm. A resolution of 0.05 nm118

and a fiber length of 4 m (FWHM of 1.32 nm, Figure 1(b)) were119

selected for ensuring an efficient tracking of the wavelength dips,120

with measurements each minute. By Eq. (2), the measured bire-121

fringence of the PM fiber is estimated to be 4.33 × 10−4 around122

1550 nm at ambient temperature and pressure. The diffusion123

of H2 inside the optical fiber is monitored by measuring each124

minute the transmission spectrum of the FLM and more pre-125

cisely by tracking the shift of the dips. Even if the wavelength126

shift is not a direct measurement of the birefringence variation,127

it is an indirect and accurate means to sense H2 diffusion into128

the fiber. The temporal evolution of the H2 diffusion through129

the cross-section of an optical fiber (from the external boundary130

to the center) is expressed by the Fick’s law, leading to Eq. (3)131

for the H2 concentration [H2] [19]:132

∂[H2]

∂t
= D

(
∂2[H2]

∂r2 +
1
r

∂[H2]

∂r

)
(3)

where D is the diffusion coefficient of H2 into SiO2, expressed as133

[20] for silica:134

D = 2.83 × 108 exp
(
−40 190

RT

)
(4)

where R is the universal gas constant and T the absolute tem-135

perature. It is worth to note that H2 diffusion does not depend136

on the gas pressure, but on the temperature. Higher tempera-137

tures and smaller fiber diameters lead to faster H2 diffusion in138

silica. The concentration of H2 in silica at saturation ([H2]sat) is139

obtained from the solubility S of H2 into SiO2 by the relation140

[20]:141

[H2]sat =
pH2

S
NA

=
pH2

NA
71 × 1021 exp

(
8900
RT

)
(5)
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with NA the Avogadro constant, and pH2
the partial pressure of142

H2. It is clear that the concentration of H2 at saturation is larger143

with lower temperature and/or higher pressure. Therefore, the144

temperature and the pressure of H2 in the gas chamber were145

set at 70 °C and 75 bar, respectively. This enables a rather fast146

H2 diffusion in the fiber samples until saturation with measur-147

able H2 concentration, that leads to the following experimental148

protocol. Measurement with nitrogen (N2) gas was realized to149

calibrate the system. As shown in Figure 2(a), the chamber was150

initially filled with ambient air at room temperature (17.5 °C),151

then N2 was inserted at 60 bar (during 7 hours, for checking the152

hermiticity of the chamber), and finally, the temperature and153

N2 pressure were increased up to 70 °C and 75 bar, respectively.154

These conditions were maintained during 67 h to enable slow155

dynamic measurements. Then the gas was released and the tem-156

perature was dropped down to room temperature. Continuous157

measurements of the transmission spectrum of the FLM allow158

us to quantify a linear shift of the wavelength dips of 0.01 nm/h159

(Figure 2(b)) corresponding to the drift of the measurement sys-160

tem.
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Fig. 2. (a) Pressure and temperature variations, and (b) wave-
length of spectrum dips during the calibration measurements
with N2-gas.

161

To monitor the diffusion of H2 into the PM fiber, at differ-162

ent concentrations, the chamber was initially filled with N2 gas163

(p = 60 bar at room temperature, 18.5 °C) during few hours to164

check again the hermiticity. Then, H2 was injected in the gas165

chamber at different concentrations, next, the temperature and166

the pressure of N2 were increased to 70 °C and 75 bar, respec-167

tively. Finally, after 67 h in these conditions, the chamber was168

purged, opened and the PM fiber was removed and replaced by169

a virgin one. This protocol was used for measuring the diffusion170

of H2 at a concentration of 0.5 %, 1.5 %, 2.5 % and 3.5 % (vol %).171

Figure 3 shows the evolution of the dips wavelength of the FLM172

measured on-line each minute during this hydrogenation proto-173

col for a gas chamber filled with N2 gas mixed with 1.5 % (vol)174

of H2 gas. The normalized wavelength shift (λ − λ0)/λ0, with175

λ0 the wavelength at the beginning of the hydrogenation stage,176

is calculated for each interference dips of the FLM transmission177

spectra leading to a mean curve (see Supplement 1, Fig. S2(b)).178

The mean normalized wavelength shift of the interference dips179

is also calculated for the calibration measurement with N2 (see180

Supplement 1, Fig. S2(a)). The experiment and these calculations181

are repeated for other H2 concentrations (see Supplement 1, Fig.182

S1) leading to the mean normalized wavelength shift for the183

three concentrations (see Supplement 1, Fig. S2).184
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Fig. 3. Wavelength of spectrum dips during the hydrogenation
protocol with 1.5 % (vol) of H2-gas.

The normalized wavelength shift of the average interference185

dips versus the hydrogenation time is plotted in Figure 4, for186

different H2 concentrations. The curves include the correction187

from the system calibration. They exhibit a continuous shift of188

the interference dip to shorter wavelengths following an expo-189

nential decay until a plateau corresponding to the saturation190

regime. As the kinetic of H2 diffusion in this transient regime191

only depends on the temperature, we have simulated (from192

Eq. (3)) the normalized diffusion of 100 % of H2 (at 70 °C) into193

the center of a silica cylinder 125 µm diameter, and then, fitted194

the normalized wavelength shift of the average interference dips195

with this simulation curve by applying, for each concentration,196

a multiplication factor that corresponds to the mean normalized197

wavelength shift at saturation (Column 5 in Table 1). Indeed,198

after 67 h of hydrogenation at 70 °C the normalized concentra-199

tion of H2 is about 91.96 % of the saturation stage. As shown200

in Figure 4, these curves match the measured data emphasiz-201

ing that the kinetic of H2 diffusion into the fiber was correctly202

measured with this apparatus based on a Panda PM-fiber. After203

67 h of hydrogenation in these conditions (75 bar and 70 °C), the204

mean normalized wavelength shift obtained from these curves is205

summarized in table 1. The mean normalized wavelength shift206

at saturation (Column 5 in Table 1) is also equal to the measured207

value (Column 3 in Table 1) divided by 91.96 %.208
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Fig. 4. Normalized wavelength shift of the average interfer-
ence dips during the hydrogenation protocol with different
hydrogen concentrations (orange is 1.5 %, blue is 2.5 %, and
green is 3.5 % (vol. %).

The concentration of H2 in the fiber can be calculated at sat-209

uration (Column 4 in Table 1) from Eq. (5) knowing the partial210

pressures for the different concentrations of H2, following the211

hydrogenation protocol. This factor of 91.96 % is also applied to212
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Table 1. Summary of the results after hydrogenation and com-
puted values.

[H2] p(H2) ∆λ
λ0

(67 h) c (sat) ∆λ
λ0

(sat) c (67 h) ∆B (67 h)

% bar 10−4 mol/m3 10−4 mol/m3 10−7

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

3.5 2.48 −6.25 6.45 −6.80 5.93 −2.52

c(sat) for obtaining the concentration of H2 in the fiber at the end213

of the hydrogenation process (Column 6 in Table 1). It is worth214

to note that these concentrations correspond to 0.12, 0.21 and215

0.29 µmol of H2 in the 4-meter long Panda fiber, for the different216

hydrogenation concentrations of 1.5, 2.5 and 3.5 % (vol) of H2,217

respectively. Furthermore, these also correspond to a ratio of218

H2 in silica of about 0.6 × 10−4, 1.1 × 10−4, and 1.5 × 10−4, respec-219

tively. These calculations lead to plotting the mean normalized220

wavelength shift (at tH2
= 67 h) versus the H2 concentration221

at the same time (Fig. 5(a)) that is linearly fitted with a slope222

of −1.05 × 10−4 per mol/m3 and a standard error of 4.2 × 10−6.223

Furthermore, Eq. (2) is linear in B, so that the normalized wave-224

length shift ∆λ/λ0 induced by a birefringence variation ∆B is225

simply expressed as:226

∆λ(t)
λ0

=
λ(t)− λ0

λ0
=

∆B(t)
B0

(6)

with B0 the birefringence at the beginning of the hydrogenation227

stage, easily computed from the positions of λm at the initial228

time (see Fig. 1(b)). The calculation of B0 from the measured229

transmission spectrum of each experiment (at tH2
= 0 h) leads230

to a birefringence variation at tH2
= 67 h of about −9.9 × 10−8,231

−1.7 × 10−7 and −2.52 × 10−7 respectively. These variations are232

linearly fitted versus the H2 concentration in silica (Fig. 5(b))233

with a slope of −4.25 × 10−8 per mol/m3 (with a standard error234

of 1.16 × 10−9), which is equivalent to a birefringence variation235

of −7.43 × 10−8 per % (vol) of H2 in the chamber (with a standard236

error of 2.66 × 10−9).237
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Fig. 5. (a) Normalized wavelength shift of interference dips,
and (b) Birefringence variation, versus the concentration of H2
dissolved in silica.

In conclusion, we have demonstrated continuous monitoring238

of H2 diffusion into a commercially available Panda-PM fiber239

within a FLM interferometer inserted in a gas chamber, with240

H2 concentration from 1.5 % (vol) to 3.5 % (vol) at 75 bar and241

70 °C. The evolution of the H2 concentration in the fiber was ob-242

tained by correlating the simulation of the normalized diffusion243

of H2 in fiber core, with the measurements of the wavelength244

shift of the FLM transmission spectrum. From these results we245

have demonstrated a birefringence variation of −4.25 × 10−8 per246

mol/m3 of H2 concentration, with a birefringence variation as247

low as −9.9 × 10−8 induced by 2.54 mol/m3 of H2 dissolved in248

silica (for 1.5 % (vol)). As this result has been obtained at almost249

saturation (tH2
= 67 h), smaller birefringence variation could be250

measured during the diffusion of H2 into the fibre, which is em-251

phasising the sensitivity of this configuration. Furthermore, this252

configuration does not require any fiber post-processing, fiber253

functionalization with a sensitive material to H2, and neither a254

specific component. It is robust, low-cost, compact, easy to real-255

ize and highly compatible with remote monitoring slow leakage256

of H2 in harsh environments such as nuclear waste disposals. In257

addition, this experimental demonstrations offer new insights258

for developing novel PM fibers with improved H2 sensitivity.259
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