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a  b  s  t  r  a  c  t

Using  the  phenomenon  of  total  internal  reflection  and a beam  splitting  device,  a  technique  of simul-
taneous  phase-shift  interferometry  is proposed  for measuring  the  full-field  refractive  index.  Because
this  method  applies  a beam  splitting  device  that  mimics  the  characteristics  of  beam  splitting  and  phase
modulation,  four  interferemetric  images  of various  phase  distributions  can  be  simultaneously  captured.
Therefore,  this  setup  can  avoid  errors  caused  by non-simultaneous  capturing  of images  and  offers  the  ben-
efits of high  stability,  ease  of  operation,  and real-time  measurement.  Furthermore,  using  the  phenomenon
of  total  internal  reflection,  the  phase  difference  between  p- and  s-polarized  light  varies  considerably  with
the refractive  index  of  a tested  specimen.  This  can  substantially  increase  the  measurement  resolution.
The  feasibility  of this  method  is  verified  using  an  experiment,  and  the measurement  resolution  can  be
higher  than  3.65  ×  10−4 RIU.

© 2014  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

The measurement of the full-field refractive index plays a cru-
cial role in numerous research and industrial fields, such as the
inspection of optical components [1], characteristic measurements
of thin-films [2], biology, and medicine [3], [4]. Interferometry is an
accurate method for measuring the refractive index [5]. The phase
difference between the tested beam and the reference beam in an
interferometer can be used to estimate the refractive index of the
sample. The phase-shifting method is an effective technique for
extracting the phase difference. Traditional phase-shifting meth-
ods introduce successive phase steps into interferometric signals
by using various phase-shifting strategies, such as PZT [6], [7], EOM
[8], and SLM [9], [10]. The traditional phase-shifting interferomet-
ric methods feature simple structures and easy operation. However,
they are time consuming because they repeatedly capture images
and the measuring results are easily affected by the disturbance
of the surrounding environment. Synchronous phase-shift meth-
ods use novel techniques or components to obtain the successive
phase-shifting signals in one shot [11]. Although the synchronous
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phase-shift methods have the advantages of high measurement
sensitivity and real-time image capture, they have complicated
structures and high cost. Therefore, this paper presents a technique
of simultaneous phase-shift interferometry for the measurement
of the full-field refractive index. This technique applies the phe-
nomenon of total internal reflection of a collimated beam on
the interface of a prism and tested specimens. Substantial phase
variations, which are a refractive-index function of the measure-
ment samples, can be introduced into the reflection fields. Four
interferemetric images of various phase distributions can be simul-
taneously obtained by applying a beam splitting device. Finally,
these images are captured by a CCD camera and full-field refractive-
indices can be determined using specifically derived equations.
Various mixtures of the tested specimens were measured during
the experiments. The measured results corresponded with the the-
oretical values. The measurement resolution can be higher than
3.65 × 10−4 RIU. This method has the advantages of a simple struc-
ture, high stability, ease of operation, and real-time measurement.

2. Principle

Fig. 1 shows the experimental setup for this measurement. For
convenience, the +z-axis was set as the direction of light propa-
gation and the y-axis projects perpendicularly to the plane of the

0030-4026/$ – see front matter © 2014 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.ijleo.2013.12.059

dx.doi.org/10.1016/j.ijleo.2013.12.059
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2013.12.059&domain=pdf
mailto:chenkh@fcu.edu.tw
dx.doi.org/10.1016/j.ijleo.2013.12.059


3308 Y.-C. Chu et al. / Optik 125 (2014) 3307–3310

Fig. 1. Optical configuration of full-field refractive index measurement. P: polarizer;
BE: beam expander; BS: beam splitter; RP: right-angle prism; AN: analyzer; CCD:
CMOS camera; PC: personal computer.

paper. A linear polarized laser light with a polarization state of
45◦ relative to the x-axis was expanded and collimated using a
beam expander (BE) to form a plane wave. The plane wave was
incident at �1 onto the boundary surface between a right-angle
prism and a tested specimen. The total internal refraction (TIR)
appeared when the incident angle was larger than the critical angle,
�c = sin−1(n2/n1), where parameters n1 and n2 are the refractive
indices of the prism and the tested specimen, respectively. The
reflected light was incident on a beam splitting device, and was
divided into two parts by beam splitter BS1: the transmitted light,
and the reflected light. The transmitted light was incident on BS2,
and was divided into a further two parts: transmitted and reflected
lights. The paths of these two beams are RP2 → BS3 → AN → CCD (to
generated test signal I1) and BS3 → AN → CCD (to generated test sig-
nal I2). When the transmission axis of AN was set 45◦ to the x-axis,
the detected intensities of I1 and I2 were

I1 = I0[1 + � cos (� + 2�BS + 2�RP)], (1)

and

I2 = I0[1 + � cos (�)], (2)

where I0 and � are the bias intensity and the visibility of the signal,
respectively, and � is the phase difference between the p- and s-
polarized light from the reflection at the boundary surface under
the conditions of TIR. These terms are expressed as

I0 =
∣∣rp

∣∣2 + |rs|2
4

, (3a)

� (x, y) =
2
∣∣rp

∣∣ |rs|∣∣rp

∣∣2 + |rs|2
, (3b)

� = �p − �s = arg(rp) − arg(rs), (3c)

where �p and �s are the phase retardations of the p- and s-polarized
light, and rp and rs are the reflection coefficients of the p- and s-
polarized light, respectively. These parameters can be written as

rp = n2 cos �1 − i
√

sin2 �1 − n2

n2 cos �1 + i
√

sin2 �1 − n2
=
∣∣rp

∣∣ ei�p , (4)

rs = cos �1 − i
√

sin2 �1 − n2

cos �1 + i
√

sin2 �1 − n2
= |rs| ei�s , (5)

where n = n2/n1 is the relative refractive index. In addition, �BS
and �RP denote the phase differences between the p- and s-
polarizations produced by the reflections at the BS and prism,
respectively. By substituting Eqs. (4) and (5) into Eq. (3c), the

relationship of the relative refractive index n and the incident angle
�1 can be expressed as

�
(

n, �1
)

= −2 tan−1

(√
sin2 �1 − n2

tan �1 sin �1

)
. (6)

Eq. (6) can be rewritten as:

n2 = n1 sin (�1)
[

1 − tan2
(

�

2

)
· tan2(�1)

]1/2

. (7)

According to Eq. (7), the refractive index n2 of the tested specimen
is the function of the phase difference �.

On the other hand, the reflected light from BS1 was reflected
again by a right-angle prism RP1. The reflected light was  incident
on BS2, and was divided into two parts: transmitted and reflected
lights. The paths of these two  beams are RP2 → BS3 → AN → CCD (to
generated test signal I3) and BS3 → AN → CCD (to generated test
signal I4). When the transmission axis of AN was set 45◦ to the
x-axis, the detected intensities of I3 and I4 were

I3 = I0(1 + � cos (� + 3�BS + 3�RP)), (8)

and

I4 = I0(1 + � cos (� + �BS + �RP)). (9)

Using Eqs. (1) and (9), and Eqs. (2) and (8), resulted in
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Using Eqs. (10) and (11), the phase difference � can be expressed
as

� = tan−1
[

tan
(

A

2

)
· (I2 − I3) + (I4 − I1)

(I4 + I1) − (I2 + I3)

]
− 3

2
A, (12)

where

A = 2 tan−1
[

3(I4 − I1) − (I2 − I3)
(I2 − I3) + (I4 − I1)

]1/2

. (13)

Therefore, according to Eqs. (12) and (13), when the phase dif-
ference is accurately measured, the refractive index of the tested
specimen n2 can be obtained using Eq. (7).

3. Experimental setup and results

To demonstrate the feasibility of the proposed method, var-
ious mixtures of the tested specimens were measured at room
temperature of 25 ◦C, including air, glycerol, and castor oil with
refractive indices of 1, 1.473, and 1.480, respectively, at a wave-
length of 632.8 nm.  An He-Ne laser with a wavelength of 632.8 nm
was used as the light source. A high-resolution motorized rota-
tion stage (Model SGSP-60-WPQ, Sigma Koki, Inc.) with an angular
resolution of 0.005◦ was  used to mount and rotate the tested appa-
ratus. The tested apparatus consisted of a SF11 right-angle prism
(n1 = 1.7780) with a test box on its base. To achieve high sensitiv-
ity, the incident angle �1 of light at the base of the prism was  set
to 57◦. Additionally, the beam splitting device consisted of three
BK7 beamsplitters (10BC16NP.4, Newport) and two  BK7 right-angle
prisms (10BR08, Newport). The interferometric signals were cap-
tured using a CMOS camera (C) with an 8-bit gray level, and a
personal computer and Matlab software were used to analyze the
captured images. The experimental results are shown in Figs. 2–5
with samples of air and glycerol, and air, glycerol, and castor oil.
Figs. 2 and 3 show four interferometric images of various phase
distributions, and Figs. 4 and 5 show the refractive index distribu-
tions. The results in Figs. 4 and 5 show that the measured refractive
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