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a b s t r a c t

A method to simultaneously measure the small birefringence magnitude and direction in real time is
proposed. The laser light passes through a circular polarizer and the sample successively. Then the beam
is split into two sub-beams by a beam splitter. Each sub beam is then split and analyzed by a Wollaston
prism. Four intensities are simultaneously detected by four detectors to resolve the birefringence
magnitude and direction in real time. The measurement result is immune to fluctuation of the initial
intensity. In experiments, a photoelastic modulator with small peak retardation was measured at
different birefringence magnitudes and directions. The maximum deviation of the birefringence
magnitude is less than 1.68 nm, and the standard deviation of the birefringence direction is less than
0.471. The validity of the method is verified.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Birefringence is the property of anisotropic optical materials.
When two orthogonal linear polarized lights pass through the
birefringence sample, the difference of two lights' speed will
generate phase shift between them. The net phase shift along
the path of the two lights is the birefringence magnitude.
The polarization direction with the greatest speed of light is the
birefringence direction. There are considerable interests in mea-
suring the birefringence of the liquid crystal [1,2], optical glass [3],
wave plate [4], optical fiber [5–7] and biological specimen [8–10].
Several techniques for measuring birefringence magnitude and
direction have been developed, including intensity determined
method [11–13], compensator-based method [14–17], and phase
modulated method [18–20]. The intensity determined method
needs to rotate the polarizer or the retarder to calculate the
birefringence. The compensator-based method generally changes
the compensating amount to make the detected signal to zero or a
special value. The phase modulated method needs to analyze the
modulated signal in frequency domain. The phase modulator
includes photoelastic modulator [18], electro-optic modulator
[19] and stress-optic modulator [20]. Due to the rotation of the
polarization component, the movement of the compensating plate
and the sampling of the modulation signals, the above methods

are not suitable for real time birefringence measurement. For
those optical systems whose birefringence is dynamically chan-
ging [21,22], real-time measurement of the birefringence magni-
tude and direction becomes increasingly important. In this paper,
a method to simultaneously measure the birefringence magnitude
and direction in real time is proposed.

2. Principle

The schematic diagram of the method is shown in Fig. 1. The
optical layout includes a laser, a circular polarizer, the sample to be
measured, a beam splitter, two Wollaston prisms and four detec-
tors. For convenience, z-axis of the coordinate system is chosen as
the light propagation direction and x-axis is along the vertical
direction. The collimating laser beam passes through the circular
polarizer and becomes circularly polarized light. The circularly
polarized light passes through the sample and then is split into
two sub-beams by the beam splitter. The sub-beam transmitted
through the beam splitter is then split by Wollaston prism 1.
Wollaston prism 1 can be seen as two linear analyzers, whose two
transmission axis azimuths are respectively 451 and 1351. Two
sub-beams after Wollaston prism 1 are then detected by detector
1a and detector 1b. Similarly, the other sub-beam reflected by the
beam splitter with a small angle is splitted and by Wollaston prism
2. Wollaston prism 2 can also be seen as two analyzers, whose two
transmission axis azimuths are respectively 01 and 901. Two sub-
beams after Wollaston prism 2 are detected by detector 2a and
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detector 2b. By analyzing the four signals of the detectors, the
birefringence magnitude and direction of the sample can be
obtained in real time.

The laser beam passing through the circular polarizer becomes
circularly polarized light. Its Jones vector E0 can be written as [23]

E0 ¼
ffiffiffiffi
I0
2

r
1
i

� �
; ð1Þ

where I0 is the initial intensity. The Jones matrix of the sample is
expressed as [23]
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where δ is the birefringence magnitude (retardation) and θ is the
birefringence direction (fast axis azimuth) of the sample. The
Wollaston prisms split the input beam and can be seen as two
linear analyzers. The Jones matrix of the Wollaston prisms can be
expressed as [23]
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where α is the transmission axis azimuth. Jones vectors E1a, E1b,
E2a and E2b of the beams on detector 1a, detector 1b, detector 2a
and detector 2b can be given respectively by

E1a ¼ K1JαJsE0
��
α ¼ 45; ð4Þ

E1b ¼ K1JαJsE0
��
α ¼ 135; ð5Þ

E2a ¼ K2JαJsE0
��
α ¼ 0; ð6Þ

E2b ¼ K2JαJsE0
��
α ¼ 90 ð7Þ

where K1 is the transmissivity of the beam splitter, K2 is the
reflectivity of the beam splitter. The intensities I1a, I1b, I2a and I2b
on detector 1a, detector 1b, detector 2a and detector 2b can be
obtained simultaneously by

I1a ¼ E1aE
n
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2
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with above Eqs. (8)–(11), we can get

V1 ¼
I1a�I1b
I1aþ I1b

¼ sin ðδÞ cos ð2θÞ; ð12Þ

V2 ¼
I2a�I2b
I2aþ I2b

¼ sin ðδÞ sin ð2θÞ: ð13Þ

Thus the initial intensity I0, coefficients K1 and K2 are removed
from the final result. Thus the birefringence magnitude can be
acquired with

δ¼ arcsin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
1þV2

2
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When the birefringence magnitude is less than 451, the sine
function is closely linear. Its nonlinear measurement error is very
small. Thus the measurement range can be defined as 0–λ/8, i.e.
0–451. And the birefringence direction of the sample can be
calculated theoretically by

θ0 ¼ 1
2
arcsin
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or
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When the range of θ′ and θ″ is respectively –22.51 to 22.51 and
22.51 to 67.51, they can be considered as closely linear.

The birefringence direction can be expended to the range of 0–
1801. Firstly the absolute value of V1 and V2 is compared. If |V1|4 |
V2|, the arcsine function is used to determine the birefringence
direction as follow

θ¼
θ′; jV1 4j jV2j; V140; V240
θ′þ901; jV1 4j jV2j; V1o0
θ′þ1801; jV1 4j jV2j; V140; V2o0

8><
>: ; ð17Þ

If |V1|r |V2|, the arccosine function is used and the birefringence
direction is calculated as

θ¼
θ″; jV1 rj jV2j; V240
θ″þ901; jV1 rj jV2j; V2o0

(
: ð18Þ

The intensities on detector 1a, detector 1b, detector 2a and
detector 2b are detected and processed at the same time, thus the
birefringence magnitude and direction can be obtained in real
time. Moreover, the measured results are immune to the fluctua-
tion of the initial intensity, which ensures this method suitable for
real-time measurement.

3. Experiment and measurement

The experimental setup is shown in Fig. 1. The light source was a
He–Ne laser with the wavelength of 632.8 nm. The circular polarizer
consisted of a polarizer and a quarter-wave plate. The polarizer was a
Glan–Taylor prism whose extinction ratio was better than 100,000:1.
The quarter-wave plate was a zero-order quarter-wave plate with the
retardation tolerance of less than λ/300 (λ¼632.8 nm). The beam
splitter had a splitting ratio of 1:1. The two Wollaston prisms' splitting
angles were both 51 and their extinction ratios were better than
100,000:1. The detector consisted of a photo-diode and a pre-
amplifier. The pre-amplifier was specifically designed for high fre-
quency optical signals. The detectors were then connected with the
data acquisition card (PCI 6133, National Instruments).

The sample was a PEM100 photoelastic modulator produced by
HINDS INSTRUSMENT. Its birefringence magnitude was sinusoid-
ally modulated with 40 kHz frequency. The maximum birefrin-
gence magnitude (peak retardation) could be changed by the PEM-
100 controller. The PEM100 photoelastic modulator is well
calibrated before measurement. For example, the modulated birefrin-
gence magnitude with the peak retardation of 0.05λ (31.64 nm) is
shown in Fig. 2a. Thewave form is of perfect sinewave. In fact, only the
positive birefringence magnitude is considered [1–10]. According to
Eq. (14), the birefringence magnitude is the absolute value of the

Fig. 1. Schematic diagram for real-time measurement of birefringence magnitude
and direction.
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