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Miniature refractometer based on modal interference
in a hollow-core photonic crystal fiber
with collapsed splicing
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Abstract. A miniature modal interferometer based on a hollow-core photonic crystal fiber (HC-PCF) for refractive
index measurement is demonstrated. The modal interferometer is fabricated by splicing the two ends of a 1.2-mm-
long HC-PCF to a single-mode fiber (SMF). The air holes of the HC-PCF are fully collapsed by the discharge arc
during the splicing procedure, and the length of each collapsed region is about 300 wm. The transmission spectra
with different refractive indices outside the HC-PCF are measured. Measurement resolutions of an 8.1x10~4
refractive index unit (RIU) in the range of 1.35 to 1.39, and 4.3x10~* RIU in the range of 1.39 to 1.43 are
achieved, respectively. The temperature effect of the proposed refractometer is also analyzed. © 20171 Society of Photo-
Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3527259]
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1 Introduction

Optical fiber refractometers are widely employed in chem-
ical and biological applications, owing to advantages such
as easy fabrication, low cost, high sensitivity, safety in haz-
ardous environments, and immunity to electromagnetic inter-
ference. Many fiber refractometers have been presented, for
example, a fiber Bragg grating based refractometer,' a fiber
Fabry-Perot structure,’ a refractometer based on long pe-
riod grating,*> an abrupt taper Michelson interference-based
refractometer,® and a single-mode/multimode/single-mode fiber
structure refractometer.”-3 Recently, a refractometer based on a
large-mode-area photonic crystal fiber (PCF) (LMA-8) was also
demonstrated, and the corresponding measurement resolution of
the 32-mm-long interferometer was about 2.9x 10 ~# refractive
index units (RIUs) in the refractive index range of 1.38 to 1.44.°
A reflective modal interferometer based on a 22-mm solid-core
photonic crystal fiber (SC-PCF) was also proposed and used for
refractive index measurement'® and volatile organic compound
(VOC) detection.!!

Recently, hollow-core photonic crystal fiber (HC-PCF)-
based modal interference has been investigated for potential
in sensing applications. A modal interferometer based on a
27.8-cm-long HC-PCF has been presented,'> employing strain
and temperature measurements. The interference fringe still ap-
peared, even when using a butt-coupling method instead of
fusion splicing. The characteristic of HC-PCF was unique'?
and different from SC-PCF-based modal interferometers, which
were built by some special coupling methods. !4
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In this work, a miniature refractometer based on modal in-
terference in the HC-PCF is demonstrated. A special splicing
method is used to produce complete collapse of air holes in the
core and cladding of the HC-PCF. Due to the complete collapse
effect, this proposed interferometer is highly sensitive to the
change of refractive index outside the fiber. The sensor fabri-
cation and principle are described. Results and discussion are
presented, and a conclusion is given.

2 Sensor Fabrication and Principle

The 1.2-mm HC-PCF-based modal interferometer was fabri-
cated by splicing the two ends of a HC-PCF (HC-1550-02,
Crystal Fiber A/S, NKT Photonics, Birkergd, Denmark) to a
single-mode fiber (SMF). The core diameter of a HC-PCF is
about 10.9 um with a pitch of 3.8 um, with a larger than 90%
air filling fraction. The coating of the HC-PCF was stripped be-
fore splicing. The fiber end of the HC-PCF was cleaved by a
CT-30 cleaver (Fujikura, Fairfield, Connecticut), and spliced to
the SMF with a manual operation program described in Ref. 15.
Then another fiber end of the HC-PCF was cleaved with fiber
length control, and the total length of the HC-PCF was about
1.2 mm. The next procedure was the splicing for the second point
under the same program. Fusion splicing was performed by us-
ing a Sumitomo Type-36 splicer (Sumitomo Electric Lightwave,
Research Triangle Park, North Carolina), and the parameter set-
tings for fusion splicing were the default parameters for the
splicing of two standard SMFs. The insertion loss of the fabri-
cated sensor was about 30 dB; it is very high because of air hole
collapse and power leakage. The air holes of the HC-PCF were
completely collapsed and the length of each collapsed region
was about 300 pm, as shown in Fig. 1. Air hole collapse can be
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Fig. 1 (a) The image after splicing HC-PCF to SMF and (b) cross-section image of HC-PCF.

verified by using a microscope to observe the fiber end. After
complete collapse, the HC-PCF becomes a stub of glass, and the
outer diameter of the HC-PCF is less than that of the SMF.

Figure 2 shows the experimental setup and the structure of the
1.2-mm HC-PCF-based interferometer for refractive index mea-
surement. The length of the sensing section was about 600 um
with the exception of the spliced area. The light from the broad-
band light source was passed through the SMF to the HC-PCF.
The light transmitted from the HC-PCF entered into an opti-
cal spectrum analyzer (OSA, AQ6370, Yokogawa Company,
Limited, Tokyo, Japan), and the corresponding transmission
spectrum was acquired by the OSA. The broadband light source
was an amplified spontaneous emission (ASE), which has a
wavelength range of 1520 to 1600 nm.

When the light passed through the input SMF and entered
into the collapsed region (part A in Fig. 2) of the HC-PCF,
the fundamental core mode spread widely, and then the higher-
order cladding modes were excited inside the HC-PCF. After the
propagation of these modes inside the HC-PCEF, they recombined
at the second collapsed region (part B in Fig. 2) and propagated
in the output SMF. Therefore, the modal interference was formed
as described in Refs. 12 and 13. The transmission of the modal
interferometer is expressed by the interference of two dominated
modes,’

T = Io(A) + Li(A) + 2[Lo(W) 1 (M)]? cos(2m Anegr L /A),
(1

and the maxima of transmission will appear at wavelengths
Am X AnegrL/m, where m is an integer. Therefore, the fringe
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Fig. 2 Experimental setup and configuration of the 1.2-mm HC-PCF-
based modal interferometer.
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periodicity (S) of the modal interference is associated with the
refractive index difference between these modes, which can be
described as,'°

S~ 132 /(AnegL), 2

where Aneg is the effective index difference between these
modes, and A is the operating wavelength. It can be seen that
the modal interferometer is sensitive to the variations of Aneg
and L. Due to the complete collapse of the air holes of the HC-
PCF, the fundamental core mode is spread out and the cladding
modes of HC-PCF are exited efficiently. Also, the evanes-
cent waves of the cladding modes reach the external surface
of the HC-PCF, which can interact with liquid specimens outside
the HC-PCF. When the refractive index liquid is deposited on
the outer surface of the HC-PCF, Anc¢ can be varied. Then the
peaks in the transmission spectrum are shifted. Therefore, the
refractive index measurement can be realized by measuring
the corresponding wavelength shift.

3 Results and Discussion

The refractive index liquid samples (Cargille Laboratories,
Cedar Grove, New Jersey), which have refractive indices of 1.35,
1.37, 1.39, 1.41, and 1.43, were used for the refractive index
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Fig. 3 Transmission spectra of the HC-PCF-based interferometer with

different refractive indices; inset is a close-up display of the dip near
1595 nm.
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Fig. 4 Wavelength shift of the HC-PCF-based interferometer versus
refractive index.

measurement of the HC-PCF-based refractometer. The cali-
brated refractive index accuracy for each liquid was =4 0.0002
refractive index units (RIUs). Figure 3 shows the transmission
spectra of a HC-PCF-based interferometer with different re-
fractive indices outside the HC-PCF at room temperature. It
appears that the interference fringes with good visibility and
the maximum extinction ratio is about 7 dB. The wavelength
separation between the adjacent peaks or dips is about 20 nm.
When the refractive index was varied from 1.35 to 1.43, the
dip wavelength shifted from 1593.28 to 1596.16 nm, corre-
sponding a total red shift of 2.88 nm, as shown in Fig. 4. The
red shift is observed because the increase of the refractive in-
dex leads to the increase of Ancg. The wavelength shift of the
interference fringe becomes larger with the increase of the re-
fractive index, so the sensitivity for the range of 1.39 to 1.43
is higher than that for the range of 1.35 to 1.39, which is sim-
ilar to the SC-PCF-based refractometer.” The sensitivities of
24.5 and 46.5 nm/RIU for the index range of 1.35 to 1.39
and 1.39 to 1.43 are achieved, respectively. Thus, the resolu-
tions of refractive index measurement for the range of 1.35
to 1.39 and 1.39 to 1.43 are about 8.1x10~* and 4.3x10~*
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Fig. 5 Transmission spectra of the HC-PCF-based interferometer with
different temperatures.
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Fig. 6 Wavelength shift versus temperature.

RIUs, respectively, considering a wavelength resolution of
20 pm of the OSA used in the experiment, which is compa-
rable to other refractometers.!->*%°-1! In addition, the lengths
of the sensing fibers of the other refractometers, such as single-
mode/multimode/single-mode-based refractometers’-® and SC-
PCF modal interference-based refractometers,’”!! are approxi-
mately dozens of millimeters, while that of the HC-PCF modal
interference-based refractometer is just about 600 pum. The
small-sized refractometer has an adventage in chemical and
biological applications, because it needs only one microliter
samples.

Figure 5 shows the wavelength shift of the dip with the in-
crease of external temperature. The peaks or dips in the trans-
mission spectrum are shifted because the effective indices of
these modes are dependent on the temperature effect, and the
thermal expansion leads to variation of fiber length. When the
temperature was increased from 25 to 75°C, the wavelength
of the dip in the transmission was changed from 1593.84 to
1594.92 nm, corresponding to a red shift of about 1.08 nm.
The wavelength shift of the dip has a linear relationship with
the temperature change, and a sensitivity of about 22 pm/°C
is achieved, as shown in Fig. 6. The temperature variation can
affect the resolution of the refractive index measurement. The
corresponding refractive index measurement error due to the
temperature effect is about 8.9x 10—* RIU/°C. However, our
experiments were conducted in a temperature-controlled envi-
ronment; the corresponding temperature variation was about
0.2°C, so the refractive index measurement error by the effect
of temperature was about 1.8x10~* RIU, which is less than
that limited by the wavelength resolution of the OSA. There-
fore, our experimental results of refractive index measurement
are reliable, and the temperature effect can be ignored if the
temperature variation is less than 1°C.

4 Conclusions

A 1.2-mm HC-PCF-based miniature modal interferometer for
refractive index measurement is demonstrated. The complete
collapse of air holes in the HC-PCF introduces a high sensitivity
to refractive index change outside the HC-PCF. The resolutions
of refractive index measurement for the ranges of 1.35 to 1.39
and 1.39 to 1.43 are about 8.1x 10 ~* RIU and 4.3x 10~ % RIUs,
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respectively. The index measurement error due to the tempera-
ture effect is about 8.9x 10 ~* RIU/°C. Therefore, the tempera-
ture effect could be ignored if the temperature variation is less
than 1°C. Moreover, the proposed miniature refrectometer has
advantages such as reuse, small size, robustness, easy fabrica-
tion, and an all-fiber and all-sealed structure, so it is very suitable
for chemical and biological applications.
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