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The study investigates the impact of birefringence exhibited by the cavity material of a fiber-optic
Fabry—Pérot interferometer on its transfer function. The theoretical approach to analyze the effect
of birefringence in the cavity of a plane Fabry—Pérot interferometer is described. The case of high-
and low-finesse interferometer is investigated. It is shown that introduction of a birefringent me-
dium of optimized parameters can be used to increase the density of interference fringes in certain
wavelength range — the feature can be used either for reduction of the cavity length in an interfer-
ometric sensor or operation with sources of narrower spectral characteristics.
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1. Introduction

For the last few decades the design of fiber-optic interferometric sensors has been the
field of extensive research in a broad range of applications [1-3]. The Fabry—Pérot
sensing interferometers are widely employed in industry and research laboratories — due
to their metrological performance, as well as their simplicity and versatility. Such inter-
ferometric sensors offer high precision of measurements while using low-power light
sources. It allows for safe operation in hazardous environment and for measurements
of fragile biochemical samples. Small size of the fiber-optic Fabry—Pérot sensing in-
terferometers (often about tens of micrometers) reduces the volume of a sample needed
for measurement to nanoliters. It makes them a promising candidate for biomedical,
chemical and biophotonic applications. Some of the successful applications that have
been demonstrated thus far include measurements of volatile organic compounds [4],
hematocrite level [5], refractive index sensing of liquids and gases [6—8] as well as
temperature and pressure sensors [9—12].
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The subsequent discussion covers low-coherence Fabry—Pérot sensors. The particu-
lar advantage of these sensors is that the results are immune from fluctuation in the
power level of the optical radiation that reaches the detection setup, as the relevant data
is encoded in spectral domain of the optical signal. In a commonly used setup, the sens-
ing interferometer is illuminated by a broadband light source — like a super luminescent
diode (SLD) or an amplified spontaneous emission (ASE) source. The detection setup
consists of a spectral processing device — a spectrometer or an optical spectrum analys-
er (OSA).

The media present in the cavity of a sensing fiber-optic Fabry—Pérot interferometer
are almost invariably isotropic. However, operation of such an interferometer in the
presence of birefringence in the cavity is also worthwhile to consider as it can be used
to adjust the metrological parameters of the device for specific applications. Our inves-
tigation is aimed at evaluation and tuning of the metrological parameters of a fiber-optic
sensor based on a Fabry—Pérot interferometer when its cavity is filled by a uniaxial bi-
refringent medium with optical axis parallel to reflective surfaces of the interferometer.

2. Theory

An optical fiber Fabry—Pérot interferometer is formed by two flat surfaces S, and S, of
an optical fiber separated by a distance 4, as shown in Fig. 1. Reflections from surfaces
S, and S, arise either due to Fresnel reflections or as a result of areflective layer applied
on S, or S,.

In the former case, the reflectivity R at each surface is given by [13]:

2
n - ( n, —n, ] O
nytn,
where n, is the refractive index of the fiber, and n, — the refractive index of the medium
in the cavity.
The investigation is focusing on the case of Fabry—Pérot interferometers operated in
the reflective configuration, as it is the most widely used in fiber-optic sensors. The anal-

ysis is conducted with assumption of the plane wave propagation in the interferometer
in order to elicit key features of the reflected signal most clearly.

single mode fiber

cavity

Fig. 1. Optical fiber Fabry—Pérot interferometer: 4 — length of the cavity, n, —refractive index of the fiber
core, and n, — refractive index of the medium in the cavity.



Tuning transfer function of fiber-optic Fabry—Pérot interferometer... 243

First, let us consider a plane Fabry—Pérot interferometer with an isotropic medium
in its cavity, illuminated by a plane wave of intensity /;. Let us also assume that the
wave is either unpolarised or circularly polarized. For normal incidence, phase ¢ cor-
responding to the round trip of radiation in the cavity is given by

2n,h
Ao

)

0 = 2x

where 4 is the cavity length, 4, — wavelength, n, — refractive index of the medium in
the cavity.
The intensity of the plane wave I, reflected by this interferometer is given by [13]:

Fsin?(6/2)
1 + Fsin?(6/2)

I 3)

where J is the phase difference introduced in the cavity, and F'— finesse factor of value
defined as

4 /R R
P 1R @)

(- R

where R, , denotes the reflectivity of the cavity surfaces.

However, if the cavity of the Fabry—Pérot interferometer is filled with a uniaxial
birefringent medium whose optical axis is parallel to reflective surfaces S, and S,, the
propagation of light in the interferometer changes. On entering the cavity, the plane
wave is divided into two waves — one polarized along the optical axis and the other
polarized perpendicularly to the optical axis. The waves are known as ordinary and
extraordinary. Their phase velocities are:

v, =clng (5a)
v, = c/ng (5b)

respectively, for ordinary and extraordinary beam, where ¢ — velocity of light in vac-
uum, 1, — ordinary refractive index of the medium, n, — extraordinary refractive index
of the medium.

The amplitudes 4, and 4, of these waves depend on the state of polarization of the
incident wave, and the sum of the intensities of ordinary (/,) and extraordinary (/)
waves can be written as [14]:

|A0|2+ |Ae|2:[o+[ezli (6)

where /; is the intensity of the plane wave entering the cavity.
When the direction of the optical axis is constant in the material and no significant
scattering takes place, ordinary and extraordinary waves propagate without exchang-
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ing energy. Therefore, they can be considered separately. For each of these waves for-
mulas (2)—(4) are valid, with n, or n, replacing n,. In particular, the total intensity of the
plane wave reflected by this interferometer, given by (3), can be expressed as a sum
of the ordinary (/, ,) and extraordinary (/; .) component:

Fsin®(9,/2) Fsin?(5,/2)
al; +
1 + Fsin?(d,/2) 1 + Fsin®(9,/2)

Ir = Ir,o+1r,e = ﬁli (7)

where F is given by (4), d,, J,, are calculated as in (2) by replacing n, with n, and n,,
respectively, and a, f§ are the coefficients corresponding to the amplitudes of the ordi-
nary and extraordinary waves (a, f € [0, 1]).

When the incident wave is either unpolarised or is circularly polarized, a and f vary
much faster than the measurement time of the intensity. As a result, the detector reacts
to their average value as close to 0.5 (a = 0.5, f = 0.5) and (7) becomes

Fsin?(6_/2) I
I = (%5/2) L+
1 + Fsin?(9,/2) 2

Fsin?(9,/2) I,

— ®)
1 + Fsin?(d,/2) 2

3. Results and discussion

When reflectivity of the mirrors is high (F>> 1), the contrast of interference fringes is
high. Then, reflection spectra (/,(1)/[;(1)) become the superposition of two sets of
interference fringes, formed by the ordinary and extraordinary wave. The fringe pat-
terns are completely or partially overlapping, the shift between them is dependent on
the phase difference J, — J,. Example spectra, calculated for the phase shift equal to n
and n/5, are presented in Fig. 2.

Shape of the output spectra, presented in Figs. 2¢ and 2d is strongly influenced by
the value of phase difference J, —J,. When J, — Jd, = m (or its odd multiple), the number
of fringes increases twice, comparing to the spectrum of an interferometer with isotropic
medium in the cavity. If ., — J,, is close to 2m (or its multiple), the ordinary and extra-
ordinary component are in sync and the resultant spectrum is the same as in the case
of isotropic cavity. In the case where value of 6, — J,, is in-between those values, the
output interference pattern also contains two sets of fringes but of unequal amplitude
and width — as is shown for J, — J, = n/5 in Fig. 2d.

What should also be noted is that while the overlapping of the /, and /, fringes gives
denser interference pattern, it also results in the decrease of the contrast ratio. Usually,
high contrast of the fringes is desired in the analysis of interferometric measurements.
However, many signal processing techniques commonly used in these types of sensors
require at least a few fringes to be recorded. The density of the fringe pattern is dependent
on the refractive index of the cavity medium as well as on its geometrical length. An in-
crease of the number of fringes can be used in interferometers with short cavity to re-
duce the spectral range in which the measurement has to be performed. The reduction
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Fig. 2. Fabry—Pérot interferometer with high F value (= 100): ordinary (/,) and extraordinary (/,) com-
ponents of reflection spectra, when J, — d, = m (a) and when J, — J, = /5 (b), and the reflection spectra,
when J, — J, = 7 (¢) and when J, — J, = /5 (d).

of the required wavelength range can be beneficial for the sensor setup as it allows for
operation with light sources with narrower spectral characteristic — those usually come
atalower cost and are more easily available. Another field of application where shorter
cavity is a potential advantage are measurements of samples of very small volume (e.g.
in biomedical applications) or samples of strongly absorbing substances.
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In practical applications one needs to take into account that the phase shift of ordinary
and extraordinary waves is dependent on the wavelength. Therefore, to achieve doubling
ofthe fringes in the desired wavelength range, parameters (n,—n,, /) of the birefringent
cavity must be set to suitable values. In Fig. 3 a comparison is presented of the spectra
simulated for cavity with n, — n, value equal 0.04 but with two different lengths (68 and
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Fig. 3. Fabry—Pérot interferometer with high F value (F,=100): /, and /, components (a) and the reflection
spectra (¢), when n, = 1.56, n, = 1.6, h = 68 um; I, and /, components (b) and the reflection spectra (d),
when n,=1.56, n, = 1.6, h =100 pm.
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100 pm). The example of 68 um cavity (Figs. 3a and 3¢) shows that it is possible to
achieve the coverage of doubled fringes over the 60 nm wavelength range (from 1520
to 1580 nm in Fig. 3¢). It is sufficient for most applications as the spectral character-
istics of the light sources usually employed in low-coherence interferometry exhibit
the full-width at half-maximum (A below 100 nm. In case of the 100 pm cavity
(Figs. 3b and 3d) in the same wavelength range, the value of phase difference 6, — J,,
is changed, varying closer to the increment of 2z than in the previous case. In Fig. 3d
it can be observed that the visibility of one set of the fringes is gradually reduced as
the wavelength is increasing. At 1600 nm the ordinary and extraordinary fringes are
almost in sync (Fig. 3¢), resulting in the spectra similar as for isotropic cavity. Setting
the parameters to achieve that result can also be useful in some cases — if the birefrin-
gence of the investigated medium in the cavity is a nuisance, its effect can be compen-
sated by adjusting the cavity length.

The representative spectra shown in Fig. 3 are calculated for a high finesse interfer-
ometer. In conventional fiber optic Fabry—Pérot interferometers (with glass-cavity
Fresnel reflections) the reflectivity of the cavity boundaries, and thus the interferom-
eter finesse, is usually lower. However, a finesse of the interferometer setup can be
increased to achieve satisfactory contrast of the interference pattern. The development
in nanotechnology and techniques of depositing thin films opened new opportunities
for fine tuning the finesse of conventional fiber-optic Fabry—Pérot interferometers. In
order to modify the reflectance of S, or S, (Fig. 1), an additional reflective layer can
be deposited on these surfaces. Thin (tens of nanometers) dielectric films made from
materials with high refractive index (e.g. ZnO, TiO, [15, 16]) or low refractive index
(such as a nanolattice material [17]) can be used to modify the reflectance of the fiber
-cavity interface. The thin, semi-transparent metal films made from, e.g. silver, alu-
minium or gold can be applied as well. In the case of the Fabry—Pérot interferometer
operated in reflection mode, a thick high-reflectivity metal or dielectric mirror can be
used as S, surface.

4. Conclusion

In conclusion, we presented an insight into a possible beneficial application of bire-
fringence introduced in the Fabry—Pérot cavity. The theoretical discussion analysed
what impact on the performance can be expected in case of various parameters of the
birefringent material. Possibility to achieve doubling of the interference fringes in cer-
tain wavelength range can be a useful feature that allows for reduction of the cavity
length (and thus sample volume), while maintaining similar interference pattern res-
olution, or reducing the bandwidth of the source used in the sensor.
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