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A B S T R A C T   

The present work relates to manufacturing of a simple interferometric optical fiber refractometer that features 
broad refractive index measuring range without ambiguity. The device consists of a cylindrical polymer cavity 
whose shape and dimensions are easily controllable. This in turn allows to control the performance of the 
refractometer. The signal processing is simple; it consists of calculating the amplitude and phase of the fast 
Fourier transform of the normalized interference spectra. In this manner, the refractive index value of the sample 
is obtained independently of the temperature. The refractometer can be used to measure the refractive index of 
liquids or viscous samples and can operate in a broad wavelength range. As an application, we demonstrate the 
measuring of the refractive index of gels at different temperatures from which the thermo-optic coefficient can be 
calculated.   

1. Introduction 

Refractometers are devices that measure the refractive index of a 
sample. They have been important in many industrial and scientific 
applications during centuries. Commercial refractometers measure the 
refractive index of a sample deposited on the lateral face of a prism of 
known refractive index. Such refractometers operate at the industry 
standard wavelength of 589 nm, but they can be modified to operate at 
infrared wavelengths [1,2]. The measuring range of prism-based re
fractometers is limited to indices that are smaller than that of the prism, 
which is typically around 1.5 or 1.7. Commercial refractometers are 
precise because they use several opto-mechanical components and have 
a system to keep the sample at constant temperature during the 
measurements. 

Miniaturization and multiplexing of prim-based refractometers is 
complicated. Moreover, they cannot be used as refractive index sensors. 
Thus, they are not appropriate for refractometry in small spaces such as 
in microfluidics channels or in flowers in vivo [3–5]. For these applica
tions, refractometers (index sensors) based on optical fibers are good 
candidates. The challenge in this case is to achieve devices that have not 
only miniature dimensions but that can measure indices in a broad 
measuring range, at least from 1.3 to 1.7; resolution comparable or 

higher to that of commercial refractometers, which is on the order of 
10− 4, and ideally temperature independence. In addition, the fabrica
tion of the refractometer must be highly reproducible and the cost of the 
device must be low. To achieve all these features, the optical fiber 
sensing community has proposed a myriad of alternatives. 

Up to date, different techniques have been proposed to measure the 
refractive index of a sample with optical fibers. In one of them, the 
sample under test alters the guided light through direct interaction with 
the evanescent waves [6–11] or by means of thin layers [12–15]. 
Another alternative is to use tilted Bragg gratings [16–19]. Re
fractometers based on evanescent wave interactions or on tilted gratings 
require an interaction length of several millimeters and can measure 
indices in a narrow range, typically between 1.3 and 1.45. Moreover, 
they are highly sensitive to temperature. Another technique exploits the 
Fresnel reflection of an optical-fiber-sample interface, which depends on 
the refractive index of the fiber core and that of the sample [20–24]. This 
technique requires a sophisticated interrogation system to compensate 
fluctuations of the light source or bending losses in the optical fiber. 
However, its main drawback is the fact that two values of refractive 
index can give the same result. In refractive index sensing, this issue is 
called ambiguity. 

Fabry-Perot interferometry (FPI) is another powerful technique to 
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measure refractive index of a sample and it has reached commercial 
level [25]. In this technique, a microscopic cavity is fabricated on the 
facet of an optical fiber. The sample under test can be placed inside the 
cavity [26–28] or outside of the same [29–33]. In either case, the 
interference pattern of the interferometer changes in proportion of the 
refractive index of the sample. Such changes can be quantified in 
different manners. A drawback of commercial FPI-based refractometers 
is their limitation to liquid samples only since viscous samples cannot be 
inserted easily in a microscopic cavity. The issues of other FPI-based 
refractive index sensors reported until now [26–33] include complex, 
hence, costly fabrication processes, in some cases limited measuring 
range, ambiguity, or temperature sensitivity. 

Here, we report on a simple refractometer based on a FPI with cyl
inder polymer cavity that may overcome the aforementioned issues. Our 
device consists of a conventional single mode fiber (SMF) inserted in a 
standard ceramic ferrule. A cylindrical cavity with controllable di
mensions is achieved between the SMF facet and the end of the ferrule. 
The cavity is filled with a UV-curable polymer whose refractive index is 
different than that of the SMF core. The interference pattern is 
controlled with proper dimensions of the cavity. By means of the 
amplitude and phase of the fast Fourier transform, a value that corre
lates unambiguously with the refractive index of the sample is obtained. 
The optical fiber refractometer reported here can measure indices of 
liquids and viscous fluids such as gels. To the best of our knowledge, the 
measuring range of our interferometric refractometer is one of the 
broadest reported until now. The resolution of our device is around 4 ×
10− 4, which is sufficient for a variety of practical applications. 

2. Device fabrication and working mechanism 

The proposed refractometer is easy to fabricate and its interrogation 
is simple. A schematic representation of the device and its interrogation 
as well as a photograph of a fabricated device are shown in Fig. 1. The 
fabrication steps are the following. First, a cleaved or polished SMF is 
inserted in a ferrule that has an internal void with diameter approxi
mately equal to that of the fiber. The latter reaches the end of the ferrule. 
To ensure this, an USB microscope (from Dino-Lite) was used. Then, a 
small amount of UV-curable polymer is deposited on the tip of the 
ferrule that is held fixed and in vertical position. After that, the fiber is 
moved slowly a distance d towards the interior of the ferrule. To do so, a 
motorized translation stage was used. In this manner, d, i.e., the cavity 
size of the interferometer can be controlled with micrometer or nano
meter precision. Due to surface tension, the fiber withdraws the polymer 
as it moves, thus, a cavity of length d filled with polymer is formed at the 
end of the ferrule; see Fig. 1(a). Immediately after this, the polymer is 
cured with UV light. 

All the steps mentioned above are easy to carry out and are repro
ducible. This is an important advantage over other FPIs with polymer 
cavities proposed in the literature in which the shape and dimensions of 
the cavity cannot be controlled [34–38]. 

To fabricate our samples, we used a commercial polymer known as 
NOA81 (from Norland Optical Adhesives). The cavities were cured in 20 
s. As recommended by the manufacturer, to improve the adhesion of the 
polymer to the fiber and the ferrule, the devices were cured at 60 ◦C 
during 12 h. To achieve a flat surface at the tip of the ferrule, it was 
polished during 10 s with a conventional fiber polisher. In this manner, 
the polymer protruding from the ferrule was removed. Note that two flat 
parallel interfaces were achieved; one formed between the fiber end face 
and the polymer, and the other between the polymer and the external 
environment. 

To explain the working mechanism of our device, it is important to 
understand the beams that participate in the interference. As the fiber 
used to fabricate the device shown in Fig. 1(a) is single mode, two 
Gaussian beams participate in the interference. A beam is internally 
reflected from the SMF-polymer interface and the other beam is re
flected from the polymer-sample interface. The amplitude coefficient 
from the fiber core-polymer interface can be denoted as r1 = (nf - np)/(nf 
+ np), where nf and np are, respectively, the refractive index of the SMF 
core and of the polymer. The amplitude coefficient from the polymer- 
sample interface is r2 = (np – ns)/(np + ns), where ns is the index of 
the sample. It is important to point out that the values of r1 and r2 are 
independent of the polarization of the light. As the FPI cavity has no 
core, the Gaussian beam that reflects from the polymer-sample interface 
will return broader to the SMF due to diffraction. 

As demonstrated by some of the present authors, the total reflected 
intensity of the device depicted in Fig. 1(a) is the superposition of two 
Gaussian beams. The intensity will be periodic in wavelength (λ) 
whatever the polarization of the incident light. The reflected intensity 
can be expressed as [37,38]: 

Ir = r2
1 + η2r2

2(1 − r1)
4
+ 2ηr1r2(1 − r1)

2cos(2ϕ) (1) 

In Eq. (1), ϕ = 2πdnp/λ is the phase difference between the two 
Gaussian beams. In Eq. (1), the absorption of the NOA81 polymer was 
neglected, because, according to the manufacturer, the transmittance of 
such a polymer is approximately 95% from 500 to 1800 nm. The factor η 
is called the coupling coefficient or the overlapping coefficient of the 
two Gaussian beams which indicates how much light is coupled back to 
the fiber core. If the two reflecting surfaces are flat, such a factor can be 
expressed as [39]: 

η =
(
πnpw2

0

)2
/
[
d2λ2 +

(
πnpw2

0

)2
]

(2) 

In Eq. (2), w0 is the radius of the Gaussian beam at the output of the 
SMF, which is approximately a half of the mode field diameter (MFD) of 
the SMF. Depending on the manufacturer, the value of MFD at 1500 nm 
is between 9.5 and 10.5 μm. 

Note from Eq. (2) that η is independent of ns (the refractive index of 
the sample). On the other hand, the type of SMF, the material of the 
cavity, i.e., np, and the light source (or λ) can be chosen to fabricate and 
interrogate the refractometer. Thus, the critical parameter to control η, 
hence Ir, and consequently, the performance of the refractometer is the 
size of the cavity or d. As it was mentioned above, d can be controlled 
with micrometer, and even with nanometer, precision with a computer- 
controlled translation stage. Another important factor is the flatness of 
the interfaces from which the Gaussian beams reflect. In our case, this is 
not an issue as we cleave or polish the two reflecting surfaces mentioned 
above. The cleaving or polishing angle that can be achieved with con
ventional fiber cleavers or polishers is approximately 0.2◦, and even less. 
Thus, a more accurate calculation of the coupling factor η can be carried 
out with Eqs. (A7) and (A8) of Ref. [40]. 

3. Results and discussion 

In Fig. 2, we show the evolution of η for different values of d. For the 
calculations, we assumed that w0 = 5.0 μm, which is an average value at 
λ = 1550 nm in conventional SMFs. In the figure, we show the values of η 

Fig. 1. (a) Diagram of the refractometer. SMF is single mode fiber, np and d are, 
respectively, the refractive index and length of the FPI cavity, ns is the refractive 
index of the sample. (b) Scheme of the device interrogation. LED is the light 
source and FOC is fiber optic coupler or circulator. (c) Photograph of a fabri
cated sample with gel on top. 
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when the interfaces are perfectly flat and when they have an angle of 
0.2◦. The value of the refractive index of the NOA81 polymer was 
calculated with the following equation provided by the manufacturer: 
np = A + B/λ2 + C/λ4, with A = 1.5375, B = 8290.45, and C = − 2.11046 
× 108. The inset of Fig. 2 shows the propagation (at 1550 nm) of a 
Gaussian beam when it leaves an SMF, travels a distance d = 163 μm 
(dark red), and returns (light red) to the SMF after being reflected from a 
flat surface. The results shown in Fig. 2 suggest that d allows controlling 
the coupling coefficient η. 

In Fig. 3, we show the theoretical reflection spectra of some FPIs with 
different lengths of the cavity that are indicated in the figure. In all cases, 
the reflection spectra were calculated with Eqs. (1) and (2) in which it 
was assumed that ns = 1. It can be noted that the visibility of the 
interference patterns increases as d is longer. Visibility is defined as the 
difference over the sum of the maximum and minimum of the interfer
ence pattern. With the fabrication technique here described, the cavity 
size can be controlled with high precision; hence, the visibility of the 
interference patterns in our devices can be tailored. We will see that high 
visibility when the external medium is air is important to avoid ambi
guity in the refractive index measurements. 

3.1. Effect of temperature 

The effect of temperature on our FPIs was studied first. To do so, a 
device fabricated with NOA81 polymer with d = 125 μm was placed in a 
temperature chamber. The device was exposed to temperatures between 

− 10 and 45 ◦C. For this experiment, the external medium was air. Some 
of the observed spectra are shown in Fig. 4(a). As expected, the inter
ference patterns shifted as the polymer that fills the cavity is tempera
ture sensitive. The fast Fourier transform (FFT) of the spectra observed 
at different temperatures is shown in Fig. 4(b). From Fig. 4(b), it can be 
noted that the amplitude of the FFT (denoted as AF) changed around 
2.5% in the temperature range between 5 and 45 ◦C. At temperatures 
below 0 ◦C the changes are more prominent, however, refractometers 
are not designed to measure the index of samples at such temperatures 
as liquids may freeze. In the 20–25 ◦C range, AF changes 3.1 × 10− 4. 

It is important to discuss in more detail the behavior of our in
terferometers when they are exposed to different temperatures. To do so 
the optical properties of the NOA81 polymer must be taken into account. 
According to the manufacturer, such a polymer has a thermal expansion 
coefficient (TEC) at room temperature of 220 × 10− 6 ◦C− 1. This means 
that a cavity of 125 μm will increase or decrease less than 1 μm if the 
temperature gradient is 30 ◦C. The thermo-optic coefficient (TOC) of the 
aforementioned polymer is − 1.87 × 10− 4 ◦C− 1. This means that a 
temperature gradient of 35 ◦C will change the refractive index of the 
polymer by 6.545 × 10− 3. The changes in d or in np give rise to shifts in 
the interference pattern but, according to the results shown in Fig. 4(b), 
the amplitude of the FFT does not change drastically. 

Fig. 2. Value of the coupling coefficient η as a function of the cavity length 
considering flat surfaces (dotted line) and ones with a angle of 0.2◦ (solid line). 
The inset shows the diffraction of a Gaussian beam, at λ = 1550 nm, when it 
leaves (dark red) and returns (light red) to the SMF. 

Fig. 3. Calculated reflection spectra of FPIs for three different values of d which 
are indicated in the graphs. 

Fig. 4. (a) Experimental reflection spectra at different temperatures observed 
with a device in which np = 1.5409 and d = 125 μm. In all cases, the external 
medium was air. (b) FFT of the spectra shown in (a). The inset plot in shows the 
height of the FFT at different temperatures. 
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3.2. Refractive index measurements 

To measure ns, i.e. the refractive index of a sample, the following 
measuring procedure was implemented. First, it is important to fabricate 
a FPI with high visibility when the external medium is air. Second, the 
FFT of the normalized spectra are calculated of each value of ns. From 
this calculation we obtain the amplitude and phase of the FFT, denoted 
here as AF and ϕF, respectively. We will see that the value of AF depends 
on ns. In fact, some research groups have reported FPI-based refractive 
index sensors in which AF is correlated with ns, see for example [38,41]. 
The value of cos(ϕF) -or sin(ϕF)- has the same sign for all values of ns that 
are smaller than np and opposite sign for all values of ns bigger than np 
due to phase changes as demonstrated in [29,41,42]. Thus, by normal
izing the value of cos(ϕF), to take into account exclusively its sign, it is 
possible to determine ns without ambiguity if we calculate the following 
value: 

S = ±AF × cos(ϕF)/|cos(ϕF)|. (3) 

The sign in Eq. (3) can be chosen. In our case, S was considered to be 
positive when ns = 1. In Fig. 5, we show the theoretical value of S as a 
function of ns for three values of the coupling coefficient η, such values 
can be obtained with FPI with cavities with d between 50 and 150 μm. 
To obtain the results shown in Fig. 5, the cavity of the FPIs was 
considered to be made of a polymer with np = 1.5409. The wavelength 
was considered to be in the 1500–1600 nm range. The values of AF and 
ϕF, and therefore, the value of S, were calculated from the FFT of the 
normalized reflection spectra for each value of ns. The spectra were 
calculated with the expressions given in Eqs. (1) and (2). It can be noted 
that with a FPI where the coupling factor η is 0.2 it is possible to measure 
indices over a broad range without ambiguity. According to the results 
shown in Fig. 2 such coupling factor can be achieved with cavity with 
d in the 125–160 μm range. 

To demonstrate the concepts outlined above, we fabricated a FPI 
with a commercial polymer (NOA81) whose np is 1.5409 at 1550 nm. 
The size of the cavity was 125 μm for the reasons explained above. The 
interference patterns were collected when the device was in air or in 
contact with calibrated refractive index liquids. In our case, we used 
brand new calibrated oils (from Cargille Labs). All the spectra were 
collected and normalized when the FPI and the oils were at 25 ◦C. The 
value of the indices of the oils at 1550 nm were calculated with the 
Cauchy equation for each oil provided by the manufacturer. 

The measurements were carried out as follows. The reflection spec
trum of the refractometer when it was in contact with each calibrated 
index was taken and normalized. In Fig. 6(a), we show the spectra 
observed at different indices. The values given in the figure are the 

indices of Cargille oils at 1550 nm. Between consecutive measurements, 
the surface of the polymer at the end of the ferrule was cleaned and 
dried. The normalization is important to eliminate the effect of fluctu
ations of the optical source or losses caused by mechanical connectors in 
the calculation of the FFT. 

In Fig. 6(b), we show the experimental values of S as a function of ns. 
The values of S were calculated with the amplitude and phase of the FFT 
obtained from the normalized spectra shown in Fig. 6(a). For simplicity, 
S was considered to be 1 when ns was 1. The inset graph shows only the 
values of S obtained with calibrated refractive index oils. In the graphs, 
the solid dots are experimental points and the solid lines are a fitting to 
the experimental data that was extrapolated to ns = 2. It can be noted 
from the figure that the fitting to the experimental data leads to a curve 
of sigmoidal shape. 

From the fitting of the experimental data, the value of ns can be 
calculated with the following expression: 

ns = n0 −

(
1
p

)

log
(

S2 − S1

S − S1
− 1

)

(4) 

In Eq. (4), S2, S1, n0, and p are fitting values that can be calculated 
easily for each sensor. The slope of the fitting curve is p and n0 is the 
point where S is zero. Therefore, according to Eqs. (3) and (4), a mea
surement of S will lead to a unique value of ns no matter the value of it in 
the range between 1 and 2. To the best of the authors’ knowledge, the 
measuring range of the fiber refractometer discussed here is the broadest 

Fig. 5. Calculated value of S as a function of the refractive index (ns). For the 
calculations, the values of η shown in the plot were considered. In all cases, np 
was considered to be 1.5409. 

Fig. 6. (a). Reflection spectra observed when the interferometer was in contact 
with the indices indicated in the figure. (b) Normalized value of S as a function 
of refractive index. The solid dots are experimental points and the continuous 
line is the fitting to the data. The parameters of the FPI were: np = 1.5409 and d 
= 125 μm. The inset graph is a closed up of the region where ns was calibrated. 
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one reported until now. 
The capability of our device to measure refractive indices of viscous 

samples was investigated. To do so, the device with d = 125 μm 
described above was immersed in a commercial index matching gel 
(G608N3 purchased from Thorlabs) whose index and TOC were, 
respectively, 1.4382 (at 1550 nm) and − 3.5 × 10− 4 ◦C− 1. The device and 
the gel were exposed to temperatures between − 10 and 35 ◦C in a 
temperature chamber. Some of the observed spectra are shown in Fig. 7 
(a). 

In Fig. 7(b), we show the FFT amplitude as a function of frequency at 
different temperatures. Such plots were calculated from the spectra 
shown in Fig. 7(a). The alteration of AF is attributed to refractive index 
changes of the gel, which are caused by the effect of temperature. 
Different values of refractive indices of the gel give rise to different 
values of AF. Note from Fig. 7(b) that the value of AF increases with 
temperature. According to the calibration curve shown in Fig. 6, this 
means that the gel refractive index diminishes with temperature, which 
agrees well with the fact that the TOC of the gel is negative. 

From the calibration procedure discussed above and the values of AF 
from Fig. 7(b), we calculated ns of the gel at different temperatures. The 
results are shown in Fig. 8. In such a graph, the squares represent the 
index of the gel measured with our refractometer and the continuous 
solid line is the index of the gel as a function of temperature that was 
calculated with the data (refractive index and TOC) provided by the gel 
manufacturer. From the experimental data shown in Fig. 8, the index of 
the gel as a function of temperature was found to be ns = 1.4468 – 
3.4011 × 10− 4T. In this expression, T is temperature in degree Celsius. 

This means that the TOC of the aforementioned gel measured with our 
device was − 3.4011 × 10− 4. The difference with the value given by the 
manufacturer is 9.89 × 10− 6. The results shown in Fig. 8 suggest that our 
device without a reference temperature sensosr can be used to calculate, 
with good approximation, the TOC of different gels or liquids. For this 
application, our device is simpler than other fiber optic sensors reported 
so far, see for example [43–45]. 

4. Conclusions 

In this work, we have reported on a compact fiber optic interfer
ometer that comprises a conventional mono mode fiber inside a ferrule. 
At the end of the latter, a cylindrical polymer cavity is made. The di
mensions of the cavity can be controlled with high precision with a 
motorized translation stage. This fabrication process ensures 
reproducibility. 

The interferometer proposed here can be used as a refractometer for 
liquid and viscous samples. For this application, it was demonstrated 
that a cavity with properly selected dimensions in combination with an 
adequate signal processing allows the measuring of refractive indices 
over a broad range, at least from 1.3 to 1.7, without ambiguity. More
over, the signal processing discussed here allows the measuring of 
refractive index without a reference temperature sensor. Under these 
conditions, the errors in the refractive measurements can be on the order 
of 10− 4 if the temperature gradient is not so high. Therefore, the re
fractometers proposed here can be used in laboratory environments 
without temperature compensation. The attributes of our refractometer 
combined with its small dimensions and its multiplexing capability, 
which is an attribute of most optical fiber sensors, make it attractive for a 
number of practical applications, particularly for those in small or 
remote spaces. 

We believe that the interferometers reported here can be used as 
sensors as well. For such applications, the cavity of the interferometer 
must be coated with polymers, resins or any other material that is sen
sitive to a chemical or biological parameter. Therefore, the concepts and 
approaches reported here can lead to the development of a variety of 
devices. 
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Fig. 7. (a) Reflection spectra of a FPI fabricated with np = 1.5409 and d = 125 
μm at different temperatures when the external medium was a gel (ns = 1.4382) 
with high thermo-optic coefficient. The spectrum when the external medium 
was air is included for comparison. (b) FFT amplitude as a function of frequency 
observed at different temperatures. Such values were calculated from the plots 
shown in Fig. 7(a). 

Fig. 8. Refractive index of a commercial gel with high thermo-optic coefficient 
as a function of temperature. The squares are values measured with the FPI 
described in Fig. 7 and the solid line represents the values provided by the gel 
manufacturer. 
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