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An Optical Fiber Hydrogen Sensor Using
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Abstract—A self-referenced optical fiber refractometer using a
ball lens as a sensor head has been developed and characterized. A
350-μm ball lens created at the tip of a single mode fiber has been
coated with a 40-nm optically thin layer of palladium that reacts
with hydrogen to form a hydride, which has a lower reflectivity
than pure palladium. Optical reflectance measurements from the
tip of the ball lens were performed to determine the hydrogen re-
sponse. The change in reflectivity is proportional to the hydrogen
concentration in the range 0% to 1% hydrogen in air with a detec-
tion limit down to 10 ppm (1σ) in air. This technique offers a simple
sensor head arrangement, with a larger sampling area (∼40 times)
than a typical single-mode fiber core. A statistical image analysis of
a palladium film, with cracks created by accelerated failure, con-
firms that the anticipated sensor area for a ball lens sensor head
has a more predictable reflectivity than that of a bare fiber core.

Index Terms—Hydrogen, instrumentation, optical fiber applica-
tion, palladium, refractive index, refractometer, sensor.

I. INTRODUCTION

THE development of a stable, intrinsically safe and reli-
able hydrogen sensor is essential as a safety measure in

hazardous environments since hydrogen has a wide explosive
limit of 4–75% volume in air [1]. A fibre optic based hydro-
gen sensor offers electrical isolation, eliminating many sources
of ignition that may lead to an explosion. The use of low loss
optical fibres allow transmission of optical signals over many
kilometres, making possible remote control of a portable sensor
head. Also, the sensor head can be miniaturised to micro - scale
dimensions. Previous research studies have demonstrated fibre
optic sensors detecting hydrogen down to parts-per-billion level
(20 ppb using an interferometric setup [2]) and achieving fast
response (5 s for 4% hydrogen in air [3]). Existing fibre optic
hydrogen detection techniques and their demonstrated detection
limits are summarised in Table I.
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TABLE I
SUMMARY OF FIBRE OPTIC HYDROGEN SENSORS

Physical change on
absorption of H2

Sensor details Limit of
detection

Response
time

Recovery
time

Ref

INTERFEROMETER BASED

Pd expansion →
strain → increase
in optical path
length

Mach-Zehnder
interferometer Coating:

10 nm Ti/1 μm Pd

20 ppb a 30 s Not stated [2]

50 μm Fabry-Perot
cavity Coating: 2 μm

Pd

35 ppm a <5 s (for
0.5%)

Not stated [4]

INTENSITY BASED

Pd refractive index
decrease →
decrease in Fresnel
reflection

Surface Plasmon
Resonance (SPR)

Coating: 35 nm Au/180
nm SiO2 /3.75 nm Pd

0.5% b <15 s 10 s (for
4%)

[5]

Micromirror in MMF
Coating: 10 nm PdAg <500 ppm

a

<20 min Not stated [6]

Micromirror on GRIN
lens Coating: 10 nm
Ni/150 nm PdAg /

25 nm Pt

50 ppm c <200 min ∼20 min [6]

Evanescent wave
Coating: 10 nm PdAu

0.2% a 15 s (for
4%)

∼3 min(for
2%)

[7]

Evanescent wave
Coating: alternate
layers of 1.4 nm
Pd/0.6 nm Au

0.8% a 5 s (for
4%)

13 s [3]

FIBRE GRATING BASED

Pd expansion →
strain →shift in
transmission
spectrum

Fibre Bragg Grating
(FBG). Sensor:

300 μm Pd half-tube

10 ppma 16 days
(for

650 ppm)

7 days [8],
[9]

Long Period Grating
(LPG) Coating: 40 nm

Pd

625 ppm a

(75 °C)
10 s 166 s [8]

a in N2
b in Ar
c in transformer oil

Palladium is commonly used as the sensing element in a hy-
drogen sensor due to its high catalytic activity and high solubility
of hydrogen. It reacts with hydrogen to form palladium hydride,
which has a larger lattice constant than pure palladium. As the
palladium film layer expands with the diffusion of hydrogen
atoms into the lattice, the volume of free electrons decreases as
do the real and imaginary parts of the complex refractive index,
which causes the reflectivity of the palladium film to decrease.
Optical fibre refractometers have been designed to make use
of the change in reflected intensity from the junction between
an optical fibre end, coated with a thin film of palladium, and
the test medium. Butler [6] used a micromirror chemical sensor
head with a 10 nm thin palladium film deposited at the end of

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/



2536 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 12, JUNE 15, 2015

a multi-mode fibre and detected hundreds of ppm hydrogen in
nitrogen.

Palladium in its pure form exists in the α phase. With the
formation of the palladium hydride, the system transitions to
the β phase [10]. In the transition phase both the α and the β
phase can coexist and the resulting expansion can cause addi-
tional strain in the metal hydride [11]. Hysteresis effects during
hydrogenation and dehydrogenation can cause irreversible de-
formations that are manifested as cracks, pin-holes and peeling
of the film. This can lead to reduced reflectivity due to surface
delamination and thus deterioration in sensor performance. Use
of a restricted sensor area, for example the core of a singlemode
fibre, can lead to catastrophic failure if such flaws coincide with
the active area. A larger sensor area allows greater coverage
for the palladium deposition, which can reduce the probability
of catastrophic failure resulting from cracks and improve the
predictability of the sensor’s performance.

Palladium based sensors have been tested for use with hy-
drogen dissolved in either air or nitrogen. Maier et al. [8] have
remarked that the outer few nm of the film may form an oxide
PdO2 , especially at elevated temperatures, which being catalyt-
ically inactive can reduce the sensor response.

Various approaches have been reported to increase the active
area of Fresnel based refractometers and / or hydrogen sensors.
A fibre optic bundle with multiple singlemode fibre ends has also
been used for refractive index measurement [12]. Multimode
fibres have been used by Butler et al. for hydrogen sensing
[6] and by Suhadolnik et al. for refractometry of liquids [13],
however such sensors may be subject to mode noise in the fibre.
Finally, Butler has used the endface of a GRIN lens coated
with Pd for hydrogen sensing [6], however this method requires
careful alignment of the lens to the singlemode fibre.

In this paper, a refractometry technique is presented that uses
a ball lens as a sensor head. Ball lenses are created in a fusion
splicer, where the tip of a fibre is melted by an electric arc in
a controlled process. The radius of the ball lens can be chosen
to optimise the intensity of the Fresnel back-reflection from the
outer surface of the ball lens that is coupled back into the sin-
glemode fibre. This technique has the advantages of providing
a simple sensor head (avoiding fibre and optics alignment) and
a large sampling area compared to a cleaved single mode fibre.
The ball lens is sputter coated with a 40 nm optically thin pal-
ladium film which serves as a micromirror and the hydrogen
response is characterized for a range of hydrogen concentra-
tions from 0 to 10,000 ppm hydrogen in air. The advantage of
a large sensor area is further quantified by statistical analysis
of a palladium film that was exposed to high pressure and con-
centration of hydrogen to accelerate failure. This paper expands
on results first reported by Chowdhury et al. at the 23rd Optical
Fibre Sensors conference, OFS23, in 2014 [14].

II. PRINCIPLES OF OPERATION

A. Optical Fibre Refractometry

The measurement principle is that changes in the refractive
index of the external medium will induce a change in the Fresnel
reflection at the silica/external interface [15]. That interface can

be provided by a simple cleaved fibre endface or, as we show
here, a ball lens. The reflectivity change is measured as a nor-
malized change in intensity of the sensor head compared to a
reference that is unaffected by the medium under test. Equation
(1) equates the reference and probe measurements to the Fresnel
reflectance at the fibre-air interface (reference fibre) and the ball
lens-oil interface (probe fibre).

R ≡ (Vref )
(Vprobe) × Rnorm

=

(
(ncore − nair)/(ncore + nair)

)2

(
(ncore − nprobe)/(ncore + nprobe)

)2 (1)

where Vref and Vprobe are measured detector voltages for light
reflected from the reference and sensor probe respectively, ncore
and nair are the refractive indices of the fibre core (1.45) and air
(1.0) respectively, nprobe is the refractive index of the external
medium (eg a calibration oil or a Pd film) and Rnorm is a normal-
ising factor established when the sensor probe is in air, Rnorm
= (Vref )air /(Vprobe)air . The normalized change in reflectivity,
ΔR/Rair , can then be calculated using equation (2).

ΔR

Rair
= 1 − (Vprobe)H2 /(Vref )air

(Vprobe)air/(Vref )air
· (Vref )air

(Vprobe)air
(2)

B. Gaussian Beam Expansion

Laser light emitted from a single mode fibre will expand
radially in the direction of travel, z, with a Gaussian profile in
a homogenous medium [16]. The beam starts to propagate at
z = 0 from a minimum beam waist radius or spot radius, ω0
where the beam intensity has fallen to 1/e2 (13.5%) of its peak
and the wavefront is planar with an infinite radius of curvature,
R(z) = ∞. The radius of curvature passes through a minimum
at a finite z and increases as z is further increased. The beam
radius increases as the beam expands and can be focused back
into the single mode fibre core using a spherical lens. Thus a ball
lens acting as a mirror with a radius of curvature that matches
the wavefront curvature will allow beam expansion to a larger
beam spot radius and then reflect this back into the core. This is
demonstrated in Fig. 1.

The radius of curvature, R(z) is defined by equation (3) for
beam expansion in the ball lens medium.

R(z) = z

[

1 +
(

nballπω2
0

λz

)2
]

(3)

The ball lens is assumed to have a uniform refractive index
nball , ω0 is the beam waist radius, (5.2 μm for SMF28 fibre) at
z = 0 and λ is the operating wavelength (1550 nm) [16].

For the optimum curvature of the ball lens, at which most of
the reflected light will be coupled back into the core, the wave-
front radius of curvature, R(z) must be equal to the radius of the
ball lens, z/2. This condition would ensure that the beam would
be normally incident on the ball lens surface, and we would
expect a Fresnel reflection from the latter that is dependent on
the refractive index of the external medium. Fig. 2(a) shows
the change in ball lens radius, z/2 and the wavefront radius with
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Fig. 1. Gaussian beam propagation from the output of a single-mode fibre.
Construction lines representing ball lenses of various sizes are presented as well
as representations of diverging wavefronts to illustrate the optimum ball lens
size at which the coupling efficiency of reflected light back into the core will be
maximized.

Fig. 2. (a) Change in ball lens radius, z/2 and the wavefront radius with in-
creasing propagation distance z. (b) Beam waist radius increase with propagation
distance, z.

increasing propagation distance z, calculated using equation (3).
There is no point of intersection between the two traces that
would allow us to maximise coupling of reflected light back
into the fibre. We therefore chose to work with ball lenses at the
upper end of the range supported by the fusion splicer, in order
to maximise the illuminated area of the ball lens.

The evolution of the beam waist radius as a function of prop-
agating distance, ω(z) is defined by equation (4) and displayed

Fig. 3. Magnified image of cracked 40 nm Pd film on a glass microscope slide,
taken in reflection using an optical microscope after accelerated ageing of the
film (99% H2 , 100 bar, 48 hr). Circles indicate hypothetical sensors of different
active area at sites a and b (both 10.4 μm diameter) and c (47 μm diameter).
Circle sizes correspond to a singlemode fibre mode field diameter and ball lens
spot diameter, respectively.

graphically for our system in Fig. 2(b).

ω(z) = ω0

[

1 +
(

λz

nballπω2
0

)2
]1/2

(4)

The beam waist radius ω0 for wavelength is given by equa-
tions (5) and (6) [17]

ω2
0 = a2

ln ν 2 (5)

ν = 2·π ·a
λ0

√
2 · (ncore − nclad) · ncore (6)

where a is the radius of the SMF28 core (4.1 μm), ncore and
nclad are the refractive indices of the fibre core and cladding.

C. Quantification of Required Sensor Size

A larger area will allow a greater coverage of a palladium film
layer and thus offer greater resilience to cracking of the film.
To quantify this effect, a 40 nm palladium thin film deposited
on a glass substrate was exposed to 99% hydrogen at 100 bar
pressure for 48 hours at room temperature to accelerate failure.
Fig. 3 shows an image of the cracked palladium film, taken us-
ing a microscope (Olympus, BX51) at 200 × magnification in
reflection, whereby one pixel corresponds to an area of 200 nm2.
The types of cracks observed in the image are consistent with
images obtained by other groups [18]. Fig. 3 shows an 8-bit
greyscale image in which the low intensity pixels show irre-
versible pin-holes and cracks. It is possible that a singlemode
fibre core could coincide with an area affected by such flaws, for
example at positions a or b in Fig. 3, resulting in catastrophic
failure of the sensor.

Although a larger sensor, as shown by circle c, is in fact more
likely to have some cracks within this area, the performance of
the sensor head will be more predictable because the ratio of
cracked to unaffected area is more likely to be consistent. This
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Fig. 4. Histogram analysis of image in Fig. 3, following averaging over hy-
pothetical area windows, showing relative numbers of windows with different
intensity. The horizontal greyscale beneath each histogram gives a visual indica-
tion of intensity. Averaging over (a) 52 × 52 and (b) 240 × 240 pixel windows,
with equivalent area to 10.4 μm and 47 μm diameter circles respectively.

can be quantified by building an image histogram that can be
treated as a discrete probability density function that defines the
likelihood of a pixel intensity occurring within the image [19].

The original image was divided into a series of windows of
given area (x-by-x pixels, where x is an integer). The average
intensity was then calculated for each window in the entire
image. The window intensities correspond to the average reflec-
tivity that might be seen in a hypothetical sensor of the given
area. The average window greyscale intensities and the num-
ber of windows with each intensity were plotted on a histogram.
Fig. 4(a) shows the result of averaging over a 52 × 52 pixel win-
dow, which approximately corresponds to the area intersected
by the single-mode fibre mode field diameter of 10.4 μm, with
a mean pixel intensity of 133. Fig. 4(b) shows the result for a
240 × 240 pixel window, which corresponds approximately to
the area intersected by the 47 μm diameter active region of a
175 μm ball lens sensor, with a mean pixel intensity of 142. As
the window size increases, the number of low intensity pixels
(that represent cracks) drops, resulting in a narrower histogram.
Thus, larger area sensors are less likely to suffer catastrophic
failure as a result of pin-holes and cracks.

III. BALL LENS PREPARATION

The ball lenses were made in a fusion splicer (Fujikura, FSM-
100P) where the tip of the fibre was melted with an electric arc.
The geometry of the ball lens is dependent on the arc power
and the melting time, whereby a longer melting time led to
bigger ball lenses; these parameters were controlled using the
manufacturer’s proprietary software [20]. The fusion splicer had
an option to rotate the fibre during the melting process. An arc
current of 23 mA and a melting time of ∼65 s resulted in a
175 μm radius ball lens. Fig. 5(a) shows an image of a ball lens
created at the tip of Corning SMF-28e fibre, which is viewed
through immersion oil that matches the refractive index of the
cladding. It can be observed that the core is still present and
its orientation has been affected by gravity. A rotation speed of
10 °/s ensured even heat distribution during the melting process
and this corrects the bending of the core, as shown in Fig 5(b).
However, the reflected light can still be guided by the core,

Fig. 5. Effect of fibre rotation during ball lens forming; (a) tip of a single
mode fibre is melted with no rotation to form a ball lens. The core is still present
and its orientation affected by gravity. (b) Fibre rotated during melting creating
a uniform ball lens. The core is still present but with no bending. The fibres are
viewed in immersion oil that allows better contrast to see the core.

Fig. 6. Pure silica ball lens formed at the tip of a single mode fibre. SMF 28
was spliced to coreless MM125 fibre with matched 125 μm cladding diameter
and the coreless fibre was melted to form the ball lens.

TABLE II
DEPENDENCE OF REFLECTIVITY ON BALL LENS RADIUS

Measured ball lens
radius (μm) ±1 μm

Reflectivity as % of
cleaved control fibre

168 ND
168.5 1.5%
174.5 10%
175.5 3%
200.5 ND
201 ND

ND: not detected; minimum detectable power 0.2%

which invalidates the use of Gaussian beam expansion model in
a homogeneous medium.

To eliminate the presence of the core in the ball lens, a
short length of coreless silica fibre (FiberCore, MM125) with a
matched cladding diameter of 125 μm and a refractive index of
1.444 was spliced to the SMF-28. The MM125 fibre was melted
to achieve a 175 μm radius ball lens of pure silica and uniform
refractive index at the tip of the SMF-28 and is shown in Fig. 6.

We tested a range of ball lens sizes experimentally and the
results are shown in Table II. Reflectivity measurements were
made for different diameter ball lenses using the apparatus de-
scribed later in Section IV. The optimum diameter of the ball
lens is in the region of 175 ± 1 μm as can be seen from the re-
sults in Table II. Given that this does not correspond to a match
between ideal ball lens radius and ideal wavefront curvature,
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Fig. 7. Images taken from fibre ends when connected to a 532 nm laser source,
using an optical microscope with 200X magnification focused onto the fibre tip.
(a) Bare fibre core, SMF-28, 4 μm; (b) 175 μm radius ball lens. Calculated spot
diameters at 532 nm are shown by the arrows.

as indicated in Fig. 2(a), these results may indicate either that
there is a slight distortion in the ball lens curvature created dur-
ing fabrication, or that there is some distortion of the wavefront
at the end of the singlemode fibre core.

The spot sizes of the SMF-28 bare fibre and 175 μm radius ball
lens were imaged under a microscope with a visible camera with
200×magnification. We employed a 532 nm green DPSS (diode
pumped solid-state) laser (Photop Suwtech, model DPGL-3010
F, 10 mW output power). Fig. 7(a) and (b) show microscope
images of the fibre ends. At this wavelength the calculated spot
diameter of the cleaved SMF-28 is 4 μm and that of a 175 μm
radius ball lens is 40 μm. We were unable to measure from the
image the spot diameter where the beam intensity falls to 1/e2

but the calculated values are consistent with the images.
At 1550 nm, the spot diameters of the SMF-28 core and

the 350 μm diameter ball lens were calculated to be 10.4 μm
and 47 μm respectively, with sampling areas of 87 μm2 and
1720 μm2.

In an ideal case, the maximum coupling efficiency of reflected
light back into the core will occur at a ball lens radius that is equal
to the wavefront radius. However, as Fig. 2(a) shows, there is
no ideal size of ball lens at which wavefront radius and ball lens
radius intersect. Nevertheless, a ball radius of 175 μm was found
to provide an acceptable level of reflectivity to permit sensor
development. With the radii of curvature no longer matching,
the effective sampling area of the spot size therefore becomes
somewhat uncertain; we can assess the illuminated area of the
sensor head, but not which parts of this area reflect light back
into the core.

IV. EXPERIMENTAL SETUP

A schematic of the Fresnel refractometer is shown in Fig. 8(a),
and is similar to that reported by Dimopoulos et al. [15]. A
1550 nm superluminescent diode (Covega, SLD1005) was used
at 500 mA with a sine-wave modulation of 9 kHz and a cur-
rent amplitude of ±12 mA from a function generator (Stanford
Research Systems, SRS DS345). The probe fibre used a 175 μm
ball lens as the sensing tip. The reference fibre used a bare
cleaved fibre in air, which is insensitive to hydrogen. Fresnel
reflections from the fibre ends were detected by photodetec-
tor amplifiers, PD1 and PD2 (Thorlabs, PDA10CS-EC). The

Fig. 8. (a) A referenced refractometer that uses a superluminescent diode
(SLD). Light from the reference fibre and the probe fibre ending in a palladium
coated ball lens is monitored by photodetector amplifiers PD1 and PD2 respec-
tively and demodulated using lock-in amplifiers 1 and 2. (b) Transparent view
of the trial vessel showing the probe fibre with ball lens.

photodetector signals were demodulated by matched lock-in
amplifiers (Stanford Research Systems, SR850), using a time
constant of 30 ms. The ratio of the probe and reference signals
corrected for any time varying optical fluctuations that were
common to both channels. The high modulation frequency and
low time constant was used to overcome the digitization limit of
the lock-in amplifiers. Although this resulted in a noisy output,
the signals were later averaged over 100 data points to reduce
the high frequency random noise.

Test gases were supplied from certified cylinders (BOC) with
concentrations of 0 ppm (+1/-0 ppm), 998 ppm (± 1 ppm) H2
in air and 10,000 ppm (±100 ppm) H2 in air. Here, “air” refers
to a synthetic mixture of nitrogen and oxygen, substantially
free of other trace gases. Gas from the cylinders was fed into
a bank of mass flow controllers (Teledyne Hastings HFC-302
with THPS-400 controller) with ranges of (i) 0–1000 cm3/min,
(ii) 0–1000 cm3/min, (iii) 0–100 cm3/min and (iv) 0–
10 cm3/min. This system was used to control flow rates from
the two cylinders, with downstream mixing generating a series
of mixtures of different concentrations in the range 0–1000 ppm
H2 in air or 0–10,000 ppm H2 in air. For each step change in
concentration applied, a total of 6 minutes was allowed for pas-
sage of gas down the connecting pipework, diffusion into the
cell and settling of the lock-in amplifiers before taking readings.

At each concentration step, signals from the probe and ref-
erence channels were recorded simultaneously and the nor-
malised signal calculated according to equation (1). The values
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Fig. 9. Calibration chart showing the Cauchy refractive index (marked as a
line with upper and lower error limits) and experimentally determined refractive
index (marked as circles) with error bars.

of (Vref )air and (Vprobe)air used to normalise the measurement
were established in the same way by supplying zero air to the
test chamber prior to each gas measurement and again taking
readings simultaneously on both channels.

V. RESULTS

A. Characterisation of the Sensor Head

To characterise the sensitivity of the ball lens as a sensor
head, the uncoated ball lens was dipped in oils of known refrac-
tive index in the range 1.60 to 1.68 (Cargille Labs, Series M)
measured at 589 nm and 25 °C. A Cauchy dispersion equation
(provided by the manufacturer) was used to calculate the refrac-
tive index of the oils at 1550 nm and 25 °C. The resulting error
in the calculated refractive index was ±0.005 according to the
manufacturer. The oils were mounted on a Peltier element to
maintain a constant temperature of 25 ± 0.1 °C. The refractive
index of the oils, noil , were determined from equation (1).

The oil calibration chart shown in Fig. 9 is a plot of experi-
mentally determined refractive index using the ball lens refrac-
tometer against the calculated Cauchy refractive index values at
1550 nm and 25 °C. Each oil was experimentally measured three
times and the average value plotted. The error on the data point
is the standard deviation of the repeated set. The Cauchy and
experimental values match closely for each oil and lie within
the expected error as quoted by the manufacturer. The minimum
detectable change in refractive index is 0.0012 (1σ), which is
also the repeatability of the measurements and is determined by
taking the average of the standard deviation of all the repeated
oil measurements.

B. Hydrogen Sensing Properties

The 175 μm radius ball lens was coated with a 40 nm op-
tically thin palladium film. A palladium film any thicker than
40 nm has been shown to have a reduced magnitude change
of reflectivity [18]. The coating was fabricated using a sputter
coater (Emitech K575X) with a stream of argon to provide omni-

Fig. 10. Normalized reflectivity from 40nm Pd coated 175 μm ball lens ex-
posed to various concentrations of H2 in air. The system was flushed with air
between exposures.

directional deposition of sputtered atoms, in order to create films
that conform to shape changes of the substrate. Our ball lenses
were observed to have a Pd coating over the entire ball lens and
along the exposed section of fibre (approx. 1 cm). No shadowing
was visible for overhangs of less than 1 mm. However, owing
to the small size of the ball lens, we were unable to confirm
the coating thickness on the ball experimentally; instead, this
work was performed by SEM analysis of flat microscope slides
coated simultaneously.

The trial vessel used for hydrogen testing is shown in
Fig. 8(b). Fig. 10 shows a typical sensor response for a range of
hydrogen concentrations.

It can be observed that the voltage in air does not return to
the starting baseline and this is attributed to extended recovery
times. We estimated the response and recovery times as t90-t10
where t10 is the time at which the signal changed by 10% of the
full step, and t90 is the time at which the signal changed by 90%
of the full step. For a change between 0 and 1000 ppm H2 , the
response time was thus estimated to be 80 s and the recovery
time was estimated at approximately 8 min. These times include
the filling time of the test vessel and the response time of our
mass flow controllers.

Extension of these measurements to other concentrations re-
sults in the data shown in Fig. 11, as the normalised change in
reflectivity as a function of hydrogen concentration. The limit
of detection was estimated to be 10 ppm H2 in air (1σ). This
was established as 1 standard deviation of each of two series of
measurements made at 0 ppm H2 and 10 ppm H2 . It can be seen
that that the response was linear in the range 0- 10,000 ppm
hydrogen in air, when the palladium hydride is in the α phase
as known to happen for a thin palladium film [21].

Over the longer term, our ball lens sensor head appears to be
stable, in that it has been functioning with no deterioration in
performance over a period of approximately 6 months.

VI. CONCLUSION

A ball lens, created on the end of a single mode optical fibre
and coated with a 40 nm palladium layer, has been demonstrated
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Fig. 11. Normalised change in reflectivity from the 40nm Pd coated ball lens
as a function of hydrogen concentration on a log-log plot. The dotted line shows
a linear fit for the data points.

as a sensor head for use in hydrogen sensing. The ball lens has
an optimum radius of 175 μm at which the coupling efficiency
of reflected light back into the fibre core is maximised. A re-
fractometry technique has been applied that detects changes in
reflectivity of a palladium coating as a function of hydrogen
concentration from 0 to 10,000 ppm hydrogen in air. The inter-
rogation system used a single-mode optical fibre network with
two fibre channels. The probe fibre ended in a ball lens and the
reference channel, which was a cleaved SMF-28 fibre, compen-
sated for time- varying optical fluctuations that were common
to both the reference and the probe channel. The detection limit
was measured to be 10 ppm hydrogen in air.

Ball lenses have the advantage that they are simple to produce
with no alignment issues. The large active area allows greater
coverage of the palladium coating, which could offer long-term
resilience to cracking and blistering compared to a bare single
mode fibre core. To investigate this, we accelerated the failure
of a similar Pd coating on a plain glass substrate. Statistical
analysis of a microscope image of the resulting flaws has allowed
quantification of this effect and shows that the larger sensing
area would indeed have a more predictable reflectivity in the
presence of flaws.
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tometer,” Sens. Actuators B Chem., vol. 29, pp. 428–432, 1995.

[14] S. A. Chowdhury, R. Correia, D. Francis, S. J. Brooks, B. J. S. Jones, A.
W. J. Thompson, J. Hodgkinson, and R. P. Tatam, “Palladium coated ball
lens for optical fibre refractometry based hydrogen sensing,” Proc. SPIE,
vol. 9157, art. no. 9157AP, 2014.

[15] A. Dimopoulos, S. J. Buggy, A. A. Skordos, S. W. James, R. P. Tatam, and
I. K. Partridge, “Monitoring cure in epoxies containing carbon nanotubes
with an optical-fiber Fresnel refractometer,” J. Appl. Polym. Sci., vol. 113,
pp. 730–735, 2009.

[16] H. Kogelnik and T. Li, “Laser beams and resonators,” Appl. Opt., vol. 5,
pp. 1550–1567, 1996.

[17] D. L. Lee, “Optical fibers” in Electromagnetic Principles of Integrated
Optics. New York, NY, USA: Wiley, 1986.

[18] M. A. Butler, “Micromirror optical-fiber hydrogen sensor,” Sensor Actu-
ators B Chem., vol. 22, pp. 155–163, 1994.

[19] R. C. Gonzalez, R. E. Woods, and S. L. Eddins, Digital Image Processing.
Knoxville, TN, USA: Gatesmark, 2009.

[20] Fujikura Fiber Ball Lens Software, FSM-LZM-100 Ball Lens v2.0. Fu-
jikura AFL Telecommunications, SpliceLab User’s Guide Fiber Ball-Lens
Software Version 2.0, 2013.

[21] G. A. Frazier and R. Glosser, “Characterization of thin films of the
palladium-hydrogen system,” J. Less-Common Met., vol. 74, pp. 89–96,
1980.

Sahar A. Chowdhury received the M.Sci. degree in physics with astronomy
from the University of Nottingham, Nottingham, U.K., in 2008. She received
the John Salmon M.Sci. Prize for academic excellence during the course. She
then worked as an Application Developer for 3M, Bracknell, U.K., till 2011.
She is currently working toward the Ph.D. degree in developing an intrinsically
safe and stable fibre optic-based hydrogen sensor that can be used in explosive
environments. She is a Member of the Institute of Physics and the Institute of
Engineering Technology.

Ricardo Correia received the Graduate degree with a 5-year degree in instru-
mentation engineering from Instituto Superior de Engenharia do Porto, Portugal,
in 2004 and the Ph.D. degree in the development of fibre optic sensors from
Engineering Photonics, Cranfield University, Cranfield, U.K., in 2008. His doc-
toral research consisted of the development of a pore pressure sensor employing
fibre Bragg gratings for geotechnical applications. As a Research Fellow in En-
gineering Photonics he has further developed FBG sensors for civil engineering
and, more recently, he has developed fibre optic strain and pressure sensors for
aerospace and automotive applications.



2542 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 12, JUNE 15, 2015

Daniel Francis is a Postdoctoral Research Fellow in Engineering Photonics,
Cranfield University, Cranfield, U.K., specializing in optical instrumentation for
measurement applications. His doctorate involved the development of full-field
laser speckle instrumentation, for which he was awarded the Cranfield Univer-
sity, School of Engineering prize for best Ph.D. in 2009. His research interests
include speckle interferometry, laser speckle odometry and laser spectroscopy
for gas sensing. He has ten conference and journal publications and a book
chapter to his name.

Simon J. Brooks received the M.Chem. degree in chemistry with Industrial
Placement, from the University of Bath, Bath, U.K., in 2003 and the Ph.D. degree
in supramolecular chemistry from the University of Southampton, Southampton,
U.K., in 2006. He joined AWE, Reading, U.K., in 2007 to develop condition
monitoring technologies and optical fibre-based sensors. He currently holds
the position of Team Leader: Sensors & Spectroscopy Integration within the
Materials Science Sub-Function. He is a Chartered Member of the Royal Society
of Chemistry.

Benjamin J. S. Jones received the Graduate degree with a B.Sc. in marine
chemistry and the Ph.D. degree in electrochemistry from the University of
Wales, Bangor, in 2000 and 2004, respectively. He joined AWE, Reading, U.K.,
in 2004 to develop gas sensor technology and currently holds the position of
Team Leader: Materials Assessment within the Materials Science Sub-Function.
He is a chartered member of the Royal Society of Chemistry.

Alexander W. J. Thompson received the M.Phys. degree from the University
of Oxford, Oxford, U.K., in 2009 and continued on to complete a D.Phil. degree
in atomic and laser physics in 2013. He joined AWE, Reading, U.K., in 2013
as a Sensor Development Scientist within the Materials Science Sub-Function.
He is a Member of the Institute of Physics and is working toward chartership.

Jane Hodgkinson received the Graduate degree with a B.A. in natural sciences
from the University of Cambridge, Cambridge, U.K., in 1989 and the Ph.D.
degree from the Optoelectronics Research Centre, University of Southampton,
Southampton, U.K., in 1998. Following a career in the chemical, water, and gas
industries, she joined Cranfield University in 2004 as a Senior Research Fellow
leading the optical gas detection activity in Engineering Photonics. She is a
Member of the Institute of Physics, a Chartered Physicist, Chartered Engineer,
and the Chair of the UK Gas Analysis and Sensing Group.

Ralph P. Tatam received the D.Sc. degree for his research achievements in
2004 and has published more than 400 journal and conference papers. He holds a
Personal Chair in Engineering Photonics in 1998 and is the Head of Engineering
Photonics at Cranfield University. His research aims to develop novel optical
instrumentation to better understand physical phenomena, including full field,
noncontact fluid flow analysis, optical fibre sensors, sensors for autonomous
vehicle odometry, embedded sensors for aerospace composite panels and optical
coherence tomography. He is a Chartered Engineer, a Fellow of the Institute of
Physics, a Fellow of SPIE, and has served as an elected member of the Board
of Directors of SPIE (2010–2012).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


