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Abstract—An interferometric tip sensor based on the postprocess of a special design double-cladding optical fiber is proposed. Due to the sensing head design, it is sensitive to environmental variations. In order to analyze this effect, the sensing head
is subjected to temperature variations both in liquid and gas (at
1 atm). Comparing the two signals, it is possible to discriminate the
contribution of the liquid refractive index variation with temperature. Not only the amplitude of the signal varies with the surrounding medium, but also the phase of the interferometric pattern alters.
This is due to the presence of a thin diaphragm at the end face of
the fiber structure turning the sensing head in a three wave interferometric device. An indirect measurement of the water refractive
index is performed, by subjecting the sensing head to temperature
variations in air and water. Even though the sensitivities obtained
are lower than the ones reported in the literature, it should be highlighted that there is no core exposition of the fiber to the external
medium. The sensor is easy to fabricate, robust, and reproducible.
Index Terms—Interferometry, post-processing, refractive index
measurement.

I. INTRODUCTION
HE design of Fabry–Perot (FP) type interferometric microcavities in optical fibers has been focus of research not
only due to the ease of fabrication and high-reproducibility, but
also because they can be highly sensitive to external medium
variations. Usually, these sensors are intrinsic, as the cavity is
formed inside the optical fiber, and with reduced dimensions
(of the order of hundreds of micrometers). These characteristics make them suitable for a wide range of applications like
in physics, chemistry, biology, industry, and medicine, among
others.
The measurement of refractive index, both of gases and liquids is of great attractiveness when considering these configurations. Usually, for gas measurements, the microcavity is subjected to changes of gas pressure, a parameter that is directly
related to the refractive index of the gas. Different configurations
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have been reported, using hollow fibers with photonic crystal
fibers (PCFs) diaphragms [1], diaphragm-free hollow core fibers
[2], or splices with large lateral offsets [3].
Regarding the liquid refractive index measurements, two different approaches have been used: the analysis of visibility or
wavelength variations. Sensing heads formed by splicing special fibers between standard single mode fibers (SMF) usually
exhibit variation of the visibility with the refractive index modification. These non-standard fibers can be suspended core fibers
[4], PCFs [5], multimode fibers combined with hollow core
fibers [6], or even hollow core fibers ended with a hollow core
silica sphere tip [7]. Another possibility is to use a polymer to
form the microcavity at the fiber tip [8]. Even though the sensor
presented high resolution, the unprotected tip was very fragile.
Several FP-based sensors have been proposed to measure the
wavelength shift with the refractive index variations. Usually,
they are obtained by means of post-processing of optical fibers
either by writing a long period grating in a PCF section [9],
by fabricating microchannels through femtosecond laser micromachining [10]–[12] or by focused ion beam milling [13]. A
refractometer based on a microslot engraved along with a fiber
Bragg grating has also been reported [14]. In this case, the microslot was obtained through chemically assisted femtosecond
laser post-processing.
These kinds of FP microcavities also exhibit very good responses to temperature. Measurements up to 1000 °C were reported for sensors based in the splices in series of hollow-core
fiber, SMF, and PCF [15], as well as post-processed double-clad
optical fibers (DCFs) [16] or even micromachining [17].
The measurement of refractive index of liquids through the
induced temperature variations has also been a matter of study
over the last years. In such cases, the fiber core was exposed
to the liquid, resulting in high-sensitive fiber sensors. The core
exposition to the liquid was obtained, for instance, by using a
large-core air clad PCF, which, due to the large dimensions, had
a ring of air holes in contact with the external medium [18]. In
this case, a maximum sensitivity of 800 nm/RIU was attained.
A different configuration was proposed by Wang et al. [19].
They used a simplified hollow-core (SHC) PCF fiber section
spliced between two SMFs. Using a femtosecond laser, vertical
microchannels were obtained in the SHC PCF, which was then
filled with liquids. A sensitivity of 851.3 nm/RIU was achieved
with this sensing head.
Another characteristic of these types of sensors is their ability
to be multiplexed, allowing different interferometers to be used

0733-8724 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

FERREIRA et al.: OPTICAL PHASE REFRACTOMETER BASED ON POST-PROCESSED INTERFEROMETRIC TIP SENSORS

Fig. 1.

3003

Fiber microcavity structure evidencing the mirror reflections.

[20] or to measure different parameters [21]. In this case, it is
required to use an adequate signal processing for the sensors
spatial discrimination. The use of the fast Fourier transform
(FFT) was reported, since the intensity of the FFT spectra was
linearly related with the refractive index.
In this paper, through the post-processing of a (DCF and
the incorporation of a diaphragm, a three-wave interferometric
microcavity is proposed. The sensing head is subjected to temperature measurements in gas and liquid. Due to its different
responses, it is possible to estimate the contribution of the water
refractive index variation with temperature.
II. SENSING STRUCTURE AND OUTER MEDIUM

Fig. 2. Scheme of the resultant wave phase with the amplitude of E3 . In both
cases, E2 is constant and E3 varies only in amplitude.

When the sensing head is placed in water, due to the smaller
refractive index difference between the silica and the surrounding, E3 presents substantially reduced amplitude. In such situation, E2 cannot be neglected. Thus, both E2 and E3 interfere
generating a new wave with a phase that depends on the relative
phases of the two primary waves, as well as on their relative amplitudes. This interference, E2 + E3 , can be described through
the equation:

A. Three-Wave Fiber Microcavity
The scheme of the fiber microcavity under study is shown in
Fig. 1. The sensing head is constituted by a small section of postprocessed DCF and a very thin diaphragm composed by standard
SMF (SMF 28). Also shown in the figure are the reflections
(E1 , E2 , and E3 ) that can occur in the structure, indicating the
sensing head has an interferometric behavior associated with the
interference of three waves, the first two with fixed amplitudes
and phases, while the third one has an essentially fixed phase
but an amplitude that depends on the refractive index of the
external medium. Here, particularly important is the situation
where we are in presence of aqueous environments due to their
central role in biochemistry.
The first wave, E1 , occurs at the interface between the SMFDCF at the input of the cavity (due to the mismatch between
the effective refractive index in each side). The second, E2 , is
originated at the end of this cavity by the same effect. Considering that E1 has a phase ϕ1 when generated in the reflection,
the phase difference with E2 is
4πne2 Lc
(1)
λ
where ne 2 is the effective refractive index inside the DCF cavity,
Lc is the cavity length, and λ corresponds to the wavelength.
The third wave (E3 ) occurs at the interface between the diaphragm and the external medium. The phase difference of this
wave with E2 is described by the following equation:
ϕ2 = ϕ1 +

ϕ3 = ϕ2 +

4πne1 Ld
λ

(2)

where ne 1 is the diaphragm effective refractive index and Ld
is the diaphragm length. This reflection (4% with air as surrounding), is substantially stronger than the second one, so the
interferometric behavior of the cavity is essentially determined
by E1 and E3 .

E2 + E3 = E023 sin (ωt + ϕ23 )

(3)

where the amplitude E023 is obtained from
E023 = [E02 + E03 + 2E02 E03 cos (ϕ2 − ϕ3 )]1/2 .

(4)

In this case, E02 and E03 correspond to the amplitudes of
the waves E2 and E3 , respectively. The phase ϕ23 is calculated
according to the following equation:

ϕ23 = arctan


E02 sin ϕ2 + E03 sin ϕ3
.
E02 cos ϕ2 + E03 cos ϕ3

(5)

In order to better understand the dependence of the resultant wave phase with the amplitude of E3 , a schematic diagram
is shown in Fig. 2. In the diagram, only the amplitude of E3
varies. Its phase is kept constant as well as the amplitude and
phase of E2 . There is a clear modification on the interferometric
wave when the amplitude of E3 is reduced, both in amplitude
and phase. Taking the equations presented previously in consideration, the spectral simulation of the resulting interferometric
wave was obtained (see Fig. 3). Besides the clear variation in
amplitude, the inset of Fig. 3 also shows the phase shift that
occurs when the external medium is liquid.
This means the phase of this wave depends on the temperature induced variation of the refractive index of water because
such variation originates a change of the silica-water reflectivity coefficient. The interference of this wave with E1 translates
into a global interference pattern with a phase that changes
with the variation of the water refractive index, implementing
in the optical domain the principle of the amplitude–phase conversion, i.e., the phase of the net interferometric optical signal
becomes function of the amplitude of one of the interfering
waves (E3 ).
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Fig. 3. Spectra of the FP microcavity in different media. The inset shows the
phase variation of the spectrum.

Fig. 5. Water refractive index variation with temperature at a wavelength of
1550 nm.

Fig. 6.

Fig. 4. Water refractive index variation with wavelength for different
temperatures.

Several works have described the variation of the water refractive index with temperature [22]–[24]. However, the water
refractive index depends not only on the temperature but also
on the operation wavelength [25]. In the literature, tables were
found for three different wavelengths: 430, 600, and 660 nm.
So, the first step is to estimate the refractive index at each considered temperature at 1550 nm. The behavior can be described
by the Sellmeier equation:
C
B
+ 4 + ···
λ2
λ

to 80 °C with a step of 10 °C. Through the adjusted equation,
the refractive index at an operating wavelength of 1550 nm was
obtained for different temperatures. The calculated values can
be plotted as a function of temperature (see Fig. 5). The data are
well adjusted by the second order polynomial:
n(T ) = −1.287 × 10−6 T 2 − 3.802 × 10−5 T + 1.326. (7)

B. Water Temperature and Refractive Index Relationship

n (λ) = A +

Scheme of the optical fiber tip design fabrication steps.

(6)

where only the first three terms were taken into account. Using
values reported in [25], a curve tendency can be adjusted as
seen in Fig. 4. Notice that each curve is obtained at one given
temperature. The considered temperatures ranged from 10 °C

Thus, by converting the water temperature in its refractive index variation, it is possible to observe the sensing head response
towards this parameter. This is valid if the sensing head exhibits
a response where the different contributions for its sensitivity
can be discriminated.
III. OPTICAL FIBER TIP DESIGN
The phosphorous-doped DCF used in this study has been
described in [16]. Initially, due to the higher refractive index
in the inner cladding, no light will travel inside the fiber core.
However, after applying the post-processing, light will propagate throughout the core. The optical fiber tips were produced
by splicing a few hundred micrometers long section of P-doped
DCF to SMF 28 (see steps 1 and 2 in Fig. 6). Afterwards, the
tip was immersed in a solution of hydrofluoric acid (HF) with
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Scheme of the experimental setup.

Fig. 9. Wavelength shift dependence with temperature: (a) sensing head exposed to air (solid circles) and when immersed in water (open circles) and
(b) calculated water contribution.

Fig. 8. Experimental spectra of the optical microcavity when in air (black
solid line) and in water (bold blue line).

48% concentration (step 3). In order to increase the etching rate,
the HF solution was placed inside an ultrasound bath. Due to
the presence of phosphorus inside the inner cladding, this region will be etched faster than the non-doped layers, creating a
structure with a suspended core surrounded by air and protected
by the outer cladding. This structure was then spliced to SMF
28 using a manual program of the splice machine [26] (step 4).
Finally, the SMF 28 was cut closely to the DCF to form a diaphragm with a thickness of 15 μm (step 5). The cleaving was
performed under a 5× magnifying glass, enabling the control
of the diaphragm thickness with accuracy lower than 10 μm.
The presence of the diaphragm is of most importance for
the stability of the sensing head response when submerged in a
liquid, as it guarantees that the liquid does not surround the DCF
suspended core, which would cause instability in the spectral
response.
IV. EXPERIMENTAL RESULTS
The experimental setup, exhibited in Fig. 7, was constituted
by a broadband optical source centered at 1570 nm, with a bandwidth of 100 nm, an optical circulator and an optical spectrum
analyzer used to measure the reflection signal. The measurements were done with a resolution of 0.02 nm. The DCF cavity
used to perform the measurements had a length of 80 μm and
a core diameter of 8 μm. The diaphragm was 15 μm long.
Fig. 8 presents the sensing head spectra in air and in water.

These experimental data are in agreement with the simulation
results presented in Fig. 3.
To test the sensing head, first it was placed in air inside a
tubular oven. Measurements were done in a range between room
temperature (23 °C) and 85 °C. There is a wavelength shift toward higher wavelengths (red shift) caused by the diaphragm
silica thermal expansion [see Fig. 9(a)]. The sensitivity in this
case is of 13.5 pm/°C. The sensing head was also immerged
in water in the same temperature range and a wavelength shift
was observed as the temperature changed. The response, also
presented in Fig. 9(a), continues to be well adjusted by a linear
fitting and a sensitivity of 9.4 pm/°C was calculated. The difference between these values is an indication of the effect of the
temperature on the refractive index of water has impact on the
phase of the sensing optical cavity. The error bars exhibited in
the Fig. 9 evidence the reproducibility of the results.
Therefore, if Δλ1 is the wavelength shift of the cavity
optical spectrum when the external medium is air, then we
can write Δλ1 = kT 1 ΔT , where kT 1 stands for the temperature sensitivity. If, on the other hand, the external medium
is water the wavelength shift can be separated in two components: one due to the diaphragm silica thermal expansion (kT 1 ),
which was measured previously, and the other attributed to the
water refractive index variation (kT 2 ). Thus, the wavelength
shift in this situation can be obtained through the expression
Δλ2 = (kT 1 + kT 2 ) ΔT . Considering the two previous equations, the sensitivity due to the water contribution can be determined through Δλ2 − Δλ1 = kT 2 ΔT .
Fig. 9(b) presents the calculated wavelength shift due the
water contribution. The sensitivity is, in this case, negative, with
a value of −5.78 pm/°C. By applying the relationship between
the water refractive index and the temperature described in the
theoretical section, it is possible to estimate the sensing head
response to the variation of the external medium refractive index,
as can be observed in Fig. 10.
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When compared to the temperature measurements performed
in air, the sensitivity in water became lower. This behavior is
due to the fact that the sensing head was measuring, besides the
silica thermal expansion, the water refractive index variation
with temperature. In addition to these applications, the sensor
can be used in a multiplexed configuration, allowing to compensate temperature or even to measure different parameters.
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