Improved retroreflection method for measuring
the refractive index of liquids
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We propose a new method for measuring the refractive index of liquids with high precision; the method is
based on use of the optical fiber end face. As an example, we investigated the refractive index of sugar
solution under varying conditions tens of times. The results show that this method has the advantage of
higher stability and repeatability. The concentration and the temperature-dependent refractive index of
the sugar solution is also experimentally studied. © 2010 Optical Society of America
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1. Introduction

With the development of science and technology,
high-precision measurement takes a more and more
important role in our life, especially in scientific stu-
dies. The refractive index (RI) is a basic optical prop-
erty of materials and plays a vital role in many areas
of material science, especially with regard to thin
film technology [1], integrated optics, and fiber optics
[2]. Methods to measure the Rls of liquids can be
classified into refraction [3—5] and reflection techni-
ques [6-9]. Recent studies [10,11] provide more de-
tailed discussion of concentration mapping by the
measurement of the RI of liquids. Several techniques
have been reported for measurement of the concen-
tration and temperature dependence of the RI of li-
quids [12,13]. A refractometer, which is based on the
refraction of light, is widely used for measuring the
RI. But when the liquid is not transparent or is trans-
lucent, a reflection method must be adopted. A meth-
od for measuring an untransparent magnetic fluid
based on retroreflection on the fiber-optic end face
was proposed by our group [9]. From the experimen-
tal data in that paper, although the measurement
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precision of the RI is reported to be about 10~ after
the measured data are averaged, it is found that the
data stability and repeatability are not satisfactory.
To improve the experimental results, we suggest a
new setup to measure the RI of the liquid by employ-
ing a circulator instead of a fiber coupler.

2. Method and Analyses

When the measurement method as shown in the
literature [9] is applied in the experiment, strong

perturbation of the liquid’s RI is observed. The mod-
ified formula of the RI can be rewritten as
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where P, and AP, are the power and power pertur-
bation of the intrinsic reflection power; n.;., nwaters
ng, and n; are the RI of the air, water, optical fiber,
and the liquid sample; 2, Ak, M are introduced just to
simplify Eq. (1); % is the extinction coefficient of the
hquld’ Paira Pwatera Pf; APair; APwat;er’ and AE)f are the
measured reflected powers and their perturbation
when the detecting fiber tip is immersed in the air
calibration sample, the water calibration sample,
and the liquid sample, respectively. On random
perturbation of the surrounding circumstances, laser
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(Color online) Double-light-paths experimental setup to measure the RI of liquids.

source power shift, or detector response change,
AP, and AP, are not equal. Similarly, AP,
and AP, cannot be the same. The value of the refrac-
tive index of liquid is not accurate because An,
cannot be zero.

To weaken the perturbation, a reference light
is added to the previous setup [9]. By using the
double-light-path measuring technique in Fig. 1,
undesirable effects that are caused mainly by possi-
ble laser source power shifts and detector response
changes are corrected. However, the repeatability
of the experimental results is still not satisfactory.

By analyzing the above experimental method, the
backreflection powers come from not only the port
immersed in the liquid but also the idle fiber port.
As the external environment, such as the tempera-
ture or the humidity, will change all the time, the ret-
roreflection powers from the idle fiber port seriously
perturb the results.

A circulator is employed instead of a fiber coupler
as shown in Fig. 2 to solve the above problems. The
port connected to the coupler works as the input port
of the circulator. The reflection port of it is linked by
the powermeter. The output port is immersed in the
liquid by the optic fiber end face. The backreflection
light comes from just the output port of the circulator
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(Color online) Improved experimental setup to measure the RI of liquids.
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Fig. 3. (Color online) RI of sugar solution for different situations.

because there is no idle fiber port exposed to the sur-
rounding environment. Therefore, the perturbation
of An; can be removed, and then the RI of the liquid
according to Eq. (1) can be obtained in the following

shortened form:
14+ k?)ng )\ 2
i\/<( 1-k)2 f) -n% -k (6)
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3. Experimental Results and Discussion

To compare the above improved setup and the pre-
vious setup [9], the RI of the sugar solvent at different
times is measured by both methods. In our experi-
ments, air and water are chosen as the calibration
samples. The operation central wavelength in our ex-
periments is 1550 nm at room temperature. Since the
sugar solution is transparent, k£, in Eq. (6) equals zero.
The RI of the sugar solution in different situations at
many times is depicted in Fig. 3. It is obvious that the
stability of the experimental data is dramatically in-
creased with the improved method. The strong per-
turbation of the RI of the liquid is attributed to the
unstable surrounding circumstances.
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solution with different concentrations.
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Figure 4(a) depicts the concentration-dependent
RI of sugar solutions at room temperature when
the sugar concentration increases from 14% to 35%
(testing points at 14%, 18%, 20%, 25%, 30%, 35%).
From the experimental data, we can find that the
RI of the sugar solution increase linearly with the
concentration. The slope of the linear fitting curves
is 0.00171, and the standard error of the slope is
2.59 x 1075, Figure 4(b) displays the residual of the
RI at different concentrations of sugar solution. It
shows the good linear relationship between the mea-
sured RI and concentration.

The RI of sugar solution as a function of tempera-
ture is depicted in Fig. 5 for three samples with differ-
ent sugar concentrations. The experimental result
shows a linear dependence of the RI of the sugar solu-
tion on the temperature at a fixed concentration. It is
evident that the RI decreases with the temperature.
From the fitting curves with different concentrations,
we can see that the slope of the temperature coeffi-
cient is —1.69 x 10™4, —-2.07 x 10™*, and -2.3 x 10
(when the concentration is 2%, 4%, and 6%, respec-
tively) with the order of the standard error as small
as 107%. The temperature coefficient gradient in-
creases with concentration. The temperature coeffi-
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(Color online) (a) Concentration-dependent RI of sugar solution. (b) Residual of RI of sugar solution at 23°C.
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cient of the RI for different concentrations can be used
to calculate the thermal expansion coefficient.

4. Conclusion

An improved method to measure the RI ofliquids has
been described, in which a circulator is employed in-
stead of a coupler. The measurement results show
that the method has a high precision, of the order
of 10™*. Comparing the methods between the pre-
vious setup and the improved setup demonstrates
that the stability is greatly increased in the latter
method. Concentration and the temperature-
dependent RI of the sugar solution is also measured.
The experimental setup we proposed can also serve
as a high-precision sensor.
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