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LOW-COHERENCE INTERFEROMETRY FOR MEASUREMENT
OF PROPERTIES OF OPTICAL COMPONENTS

We present a modification of the interferometric method for the measurement of refractive index or thickness of optical devices using an
easily aligned, almost all-fiber Michelson interferometer. Applicability of the method is demonstrated by the chromatic dispersion measure-
ment of photonic crystal fiber sample. The birefringence of the optical device based on LiNbO; obtained from the measurement of refractive
indices is demonstrated and its value is determined for two different crystal samples. It is also shown that when the thickness of, for example,
photopolymer material is known the refractive index of the device can be determined. The described method can be a practical tool for labo-
ratories with the need of inexpensive and easily built setup for measurement of refractive index or thickness of optical devices even in a broad

spectral range.

1. Introduction

Generally, the techniques of optical interferometry play a crucial
role among the measurement techniques used in optics. Nowadays,
many of the techniques employ optical fibers as function part of the
interferometer and both, the time-domain and the spectral-domain
optical interferometric techniques can be applied to measure various
parameters of optical fibers and devices [ 1, 2]. One of the possibil-
ities of investigation of optical devices’ parameters is low coherence
interferometry [3]. The appropriate interferometer can be built
using bulk optical components [4] or as all (or almost all) fiber
interferometer [5, 6]. The principle of methods lies in balancing
the optical lengths of two arms of interferometer, where the mea-
sured sample is placed in the test arm and the reference arm con-
tains the variable optical delay line.

In the paper the authors discuss the utilisation of the low
coherence interferometry for the determination of useful parame-
ters of simple devices for integrated optics such as wave plates
and thin photopolymer substrate layers for optical memories. The
applicability of the method is demonstrated on the measurement
of chromatic dispersion of a sample of photonic crystal fiber.

Photonic crystal fibers [7] offer new optical properties com-
paring to conventional optical fibers. Especially their dispersion
characteristics open up the space for new applications (e.g. super-
continuum generation even in the visible spectrum). Due to the fact
that photonic crystal fibers may exhibit large longitudinal inhomo-
geneity or have large attenuation the interferometric method of
chromatic dispersion measurement is often preferred. The disper-
sion characteristics can be obtained by measuring the group delays

* Daniel Kacik, Norbert Tarjanyi, Ivan Turek

7, from the interferograms’ envelope for several discrete wave-
lengths \;. The measured data 7,(\;) are fitted by an analytical
function, e.g. by three- or five- term Sellmeier function. The disper-
sion coeficient is then given by the relation D(\) = 1/Ldr,/d\,
where L is the length of the investigated fiber.

Photosensitive crystal lithium niobate (LiINbO;) is one of the
best and widely used materials for integrated optics due to its excel-
lent electrooptical and photorefractive properties. Most often the
thin plates of the bulk material are used either as simple retarders
(wave plates) or as substrates for elements of integrated optics
such as waveguides, gratings, switches, directional couplers, optical
modulators etc. The bulk crystal is also often regarded as a promiss-
ing medium for holographic memory. Except the crystals there are
the various kinds of photopolymers the photosensitive properties
and cost of which started competing with the crystalline materials
during last decade. Nevertheless, the important physical parame-
ters of optical devices whether made of crystalline or photopoly-
mer materials are the refractive index and their thickness. Both
these parameters can be determined by low coherence interfer-
ometry.

2. Theory
The intensity / of interference pattern of two polychromatic
beams with angular frequency falling into interval o, = Aw/2 can

be expressed as [8]

=1+ 5L+ 27,/ Lcos(9), (1
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where [, and /, are intensities of interfering beams, ¢ = w7 is the
phase difference between the interfering beams, and vy, is the inter-
ference visibility (or “interference contrast”).

If the spectral density of ligth intensity is constant in the inter-
val wy = Aw/2, then
sin(Awt,)

12 T 2
n AwT @

(nl, — n1)
where T = ——«+—

is the time delay difference between the
beams (n,, and /; , means refractive indices and lengths of the
arms of the interferometer, respectively).

One arm of the interferometer contains

ml, = ne_[/SMF X L' + L9 + neﬁ"b/e/’[v" X [ovective 4

+ neﬂ;ample % [sample 3)
and second arm

”212 — ne_[fSMF X Ltesl + neffFUT X LFUT (4)

where 7, is the effective refractive index of the particular media,
L™ and L' are the fiber lengths of the coupler branch in the ref-
erence and test arm, respectively. The difference of fiber lengths of
the coupler was less than 0.3%. L7YT, L“" and L**""* are the lengths
of the optical fiber, the air path and thickness of optical devices,
respectively. L°2¢" is the length of the microscope objective. In our
preliminary work [9] we showed the influence of the microscopic
objective on determination of chromatic dispersion of a conven-
tional telecommunication fiber.

The interference term (the third term in right hand side of
Eq.(1)) has a maximum when n/; = n,/, which allows to deter-
mine the refractive index of one arm if the lengths of the arms and
refractive index of the second arm are known.

2. Experiment

Schematic layout of the experimental setup is shown in Fig.1.
The beam splitter of the Michelson interferometer is made of a fiber
coupler with 50:50 coupling ratio at the wavelength of 1550 nm.
However, the coupling ratio is still suitable at the range of wave-
lengths from 1200 nm to 1700 nm.

A halogen lamp and Carl Zeiss monochromator or broadband
optical fiber light source OFLS B-15-75-C-F-A was used as the
wideband, low coherent light source. The reference arm of the inter-
ferometer is composed of a variable-optical-delay line and micro-
scope objective (Meopta 6x, NA = 0.15) to project the end of the
fiber onto a mirror. The advantage of this setup is that eventual
imperfections of the used mirror are minimized. Additionally, the
focusing of the beam is easier than its colimation. The reflected
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Fig. 1 The experimental setup of the interferometer

beam can be aimed right into the core of the fiber by proper orien-
tation of the mirror. Moreover, the samples (optical devices) under
investigation are put into the path of the ligth beam in the air line
arm. The length of the variable-optical-delay line is changed using
coarse translation in a range of 20-150 cm and fine translation
controlled by a micrometric screw in the range of 25 mm. This
allows us to find very precisely the position of maximal interference
visibility. The microscope objective is also located on a translation
stage with micrometric sensitivity - this enables us to correct the
spectral dependence of the focal length of the lens. A change of
its location is needed for projecting the fiber core back to the fiber
core so it does not influence the optical path in the variable-
optical-delay line like it is in the case when the mirror is moving.
Another way to make the variable optical delay line is to put the
fiber into reference arm and balance the optical lengths of two
arms interferometer by the change of fiber length [5]. Thus the
interferometer can be made all-fiber and alignment-free.

The fiber under test is usually connected to the fiber coupler
using bare-fiber adapters. In case of characterisation of fibers with
non-standard diameter or with highly off-set core, the fibers have
to be aligned using 3D micro-stage. The reflection at the end-face
of the measured fiber is usually obtained by a chemical deposition
of silver at the cleaved end-face [ 10]. When investigating the PCF
a mirror cannot be created at the end of a fiber because of the air
holes in structure of waveguide. For this reason we put PCF into
a connector and placed it perpendicular to the mirror using the jig
for polishing of the fiber end-face [3]. A disadvantage of the arrange-
ment is a risk of damage of the mirror and fiber end-face.

Interference of the signal from the output end of the fiber
coupler was detected by a detector with GaAs or Si photodiode
and recorded by a phase sensitive amplifier and an oscilloscope,
respectively.

According to Eq. (2) the width of the interval of delay (i.e. the
interval of optical path difference), in which the interference con-
trast significantly differs from zero, depends on the spectral width
AN of the beams and for AN = 20 nm it is about 0.08 mm as illus-
trated in Fig. 2.

The measured interferogram is the Fourier transform of an
almost rectangular spectrum determined by a monochromator
output slit aperture.
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Fig. 2 The mirror position dependence of the interference term of
conventional fiber measured at 1550 nm and A2 = 20nm

The accuracy of determination of optical path difference
between the arms (given by the accuracy of determination of the
visibility maximum position) is better than 0.01 mm for the light
with a spectral width of 20 nm. The resolution of delay difference
of interfering beams is of order of 0.01 ps.

3. Results and Discussion

We measured chromatic dispersion of PCF labeled as
ASCO014_B5a fabricated at OFTC (Optical Fibre Technology
Centre) University of Sydney. This fiber is singlemode starting at
1000 nm and has a core diameter of 13 um. An SEM image of
a cleaved cross-section of its triangular lattice is shown in Fig. 3a.

The group delay, T, as a function of wavelength is measured
and this is used to extract the fiber dispersion from the equation:

147,

D) = —
L da\

where L is the length of measured fiber. The obtained dependen-

cies are shown in Fig. 3b.

The analysis of the measurement of chromatic dispersion of
PCF implies that using the experimental set up allows to determine
the refractive index of transparent, about 1 cm thick samples with
accuracy as precise as 10™*. Such precision allows, for example,
to determine the birefringence of crystals, investigate the depen-
dence of their refractive index value on impurities or when the
refractive index is known then the thickness of the sample is pos-
sible to determine from this measurement. For investigation of the
birefringence of crystals two samples of LiINbO; with different
amount of Fe ions and thicknesses were used. The optical axis of
the crystal sample was perpendicular to the centre-line of the inter-
ferometer’s test arm. Due to uniaxiality of the crystal and its align-
ment according to the centre-line of the interferometer’s arm light
incident on the crystal’s front side is propagating in two polariza-
tion states inside the crystal. The ordinary and extraordinary waves
travel different optical paths due to different values of refractive
indices the waves experience while propagating throughout the
crystal. The optical lengths of the test arm are different for ordinary
and extraordinary polarized beams. It means that the interference
patterns (visibility of interference) for ordinary and extraordinary
polarizations will be separated from each other (Fig. 4). The sep-
aration of the maxima in the interference pattern is proportional
to the birefringence of the crystal. For crystals measured we got
values An = 0.081 and An = 0.078. Since the composition of the
crystals was slightly different (different Fe doping level) the result
implies the possibility to use the low-coherence interferometry for
investigation of the dependence of the refractive index value of
crystals on impurities.

A similar measurement can be done for any appropriate sample
not necessarily a birefringent one. For the results presented here
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Fig. 3 a) SEM image of cross section of photonic crystal fiber, b) spectral dependance of group delay and dispersion
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Fig. 4 Birefringence of LiNbO; with different content of Fe ions imaged by visibility of interference measured at 1550 nm.
The thickness of the samples was a) 15.055 mm and b) 10.765 mm.

a polyvinyl-alcohol/acrylamide (PVA/AA) dry material was
deposited on the glass plate. The material properties and its response
to light are studied because of its intended utilization in hologra-
phy [11]. The thicknesses of the sample layers were measured by
means of a micrometer screw gauge and were about / = 135um
on average. The recent methods of investigation of the material
properties require to know the values of the refractive indices of
PVA/AA at some wavelengths laying in the visible part of light
spectrum. However, for some applications one may need to know
the refractive index value for a wavelength in a near infrared region.
To estimate the refractive index of PVA/AA at 1310 nm we used
a Safibra SLED OFSL-B-13-10-C-FA as a light source. First, a clean
glass substrate without photopolymer layer was put into the test
arm of the interferometer, the optical lengths of the interferome-
ter’s arms were balanced and the maximum visibility of interference
fringes was measured. Then the glass substrate with a layer of the
sample was put into the test arm and the optical lengths of the
both arms were balanced again. The particular visibilities of inter-
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Fig. 5 Visibility function of interference for a) clean glass substrate,
b) glass substrate with the photopolymer layer in the test arm of
interferometer. Measured at 1310 nm

ference are shown in Fig. 5. The distance between peaks of the
curves shown in Fig. 5 is the change of the optical path due to
a photopolymer layer. After readout of the displayed data we get
a value of 0.015 mm for the optical path change and 1.11 for the
refractive index of PVA/AA at 1310 nm. Knowing the refractive
index of PVA/AA at some wavelengths [e.g. 12] as well as the char-
acter of the spectral dependence of the refractive index according
to Sellmeier equation for most of optical materials we can treat
the resulting value as reasonable.

4. Conclusion

A method of refractive index measurement of optical devices
using easily built optical-interferometer-based setup was presented.
In contrast to other interferometric methods, it does not require
special care for maintaining the interferometer in perfectly stable
conditions and at the same time, it offers high accuracy of the group
delay determination when investigating the fiber samples. The accu-
racy of the group delay measurement is 10 fs. The applicability of
the presented method was demonstrated on measurement of chro-
matic dispersion of a sample of photonic crystal fiber. Using the
setup we demonstrated the birefringence of the optical device based
on LiNbOj; and from the measurement of refractive indices obtained
the values of the birefringence for two different samples of iron
doped LiNbO;. We also estimated the value of the refractive index
of a sample of photopolymer material with the known thickness
at the wavelength of 1310 nm. The presented method can be a prac-
tical tool for laboratories where exists the need of inexpensive and
easily built setup for measurement of refractive index or the
thickness of optical devices even in a broad spectral range.
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