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An imaging polarimeter based on the principles of high-accuracy polarimetry well known in
crystal optics is proposed. The application of scientific digital cameras for performance light
measurements leads to precise data on polarizers quality, i.e., maps of extinction ratio and
transmission axis. Processing of numerous images, acquired at various settings in the
polarizer-sample-analyser system, allows to determine the two-dimensional distribution of
the phase retardation of birefringent plates. Several results of imaging polarimetry
experiments on birefringent plates demonstrate the impact of multiple light reflections on
the measured phase retardation values. Experimental data for LiNbO3 and SiO: crystal plates
have been presented, demonstrating the capabilities of the proposed type of imaging
polarimeter in the crystal optics studies. This technique also allows the measurement of the

eigen wave ellipticities, associated with the optical activity of crystals.

1. Introduction

There are many application problems, from space
observations and remote sensing to microbiological
research, where information on the spatial distributions of
polarization is crucial [1]. Two-dimensional mapping of
the state of light polarization plays an important role in the
evaluation of the polarization optics elements,
optoelectronic devices, studying mechanical stresses in
transparent objects, etc.

The optical schemes and operation principles of
imaging polarimeters can be different [2] but in most cases
they are Stokes polarimeters which are designed to fully
characterize the polarization state of light using four
parameters, or Mueller polarimeters which are used for
samples studying and representing their properties in the
form of a 4x4 matrix [3—5]. The polarizing microscopes
used to study objects with a very small retardation [6, 7]
and to determine the absolute values of the optical
retardation in crystals should also be mentioned [§].
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To avoid mechanical moving elements, complex image
processing methods using Fourier analysis [9] or polarizing
cameras [10, 11] can be applied, although it is extremely
difficult to obtain a high-quality micropolarizer on image
sensor pixels [12, 13]. It is not the authors’ purpose to
present an in-depth overview, but note that the imaging
polarimeter is an important optical tool for obtaining
experimental data and its methods are constantly being
improved.

This paper describes the application of an imaging
polarimeter in a collection of two-dimensional spatial
distributions of the polarization state using the principles of
a high-accuracy universal polarimeter (HAUP) which have
been successfully applied in the crystal optics research for
several decades. It should be noted here that the imaging
experiment, based on the HAUP, was initially proposed in
Ref. 14 to produce maps of several anisotropic optical
parameters by scanning procedure and was, therefore,
called S-HAUP. A different approach to expand the
possibilities of the high-accuracy polarimetry, using a
charge-coupled device (CCD-HAUP), was proposed in
Ref. 15.
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The main idea of the high-accuracy polarimetry is to
measure small changes in the polarization state of light that
passes through the polarizer-sample-analyser (PSA)
system, taking into account the systematic errors that arise
mainly due to the imperfection of polarizers. In this case,
polarizers angular movements do not exceed a few degrees
from the position that corresponds to the minimum light
intensity. This feature is important for accurate measure-
ments since it is difficult to ensure the linearity of video
detectors in a wide dynamic range of light flux changes.

Digital signal conversion of an analog video signal,
even to a 12-bit depth, only makes sense if the signal-to-
noise ratio is more than 72 dB which can only be provided
by dedicated video cameras. It is known that photodiodes
in the photovoltaic mode generate a current which is
proportional to the light intensity over 6 decades [16], i.e
a dynamic range is about 120 dB. Therefore, a full
implementation of the principles of high-accuracy
polarimetry cannot be realized in imaging polarimeters,
and this is due not only to the problem of accurate light
detection.

Another not less significant hurdle to the application of
high-accuracy polarimetry in a two-dimensional mode is
the use of large-area polarizers with high transmission and
extinction (or contrast) ratio (ER). For large-area dichroic
polarizers with a clear aperture up to 50 mm, the ER value
is relatively small, typically in the range from 1:10% to
1:10*. At the same time, the magnitude of the systematic
errors, related to imperfection of polarizers in a
conventional HAUP, often makes it difficult to distinguish
some important parameters of the optical anisotropy of
crystals [17, 18].

Nevertheless, the imaging polarimeter can be
successfully used to evaluate the quality of polarizers, and
analyse the homogeneity of crystals and phase plates, light
modulators, and others. This makes it possible to expand
the capabilities of a conventional HAUP which is designed
to solve similar problems on a single-beam track. Imaging
polarimeters are significantly more informative, but they
are inferior to HAUP in terms of sensitivity and measure-
ment accuracy, so these two types of polarimeters
complement each other.

2. Schematic of the imaging polarimeter

A schematic of the tested imaging polarimeter, based
on the principles of the high-accuracy polarimetric method,
is presented in Fig. 1. The optical design of the polarimeter
is based on a standard PSA scheme. The quarter-wave plate
is installed in front of the polarizer which makes the
intensity of light at the output of the polarizer independent
of its angular orientation. To obtain the spatial
birefringence distribution with the proposed polarimetric
method, a monochromatic light source is required.

The imaging polarimeter currently operates at a 633 nm
helium-neon laser wavelength and is an upgrade of the
previously used HAUP for research in crystal optics. The
laser beam is expanded on a rotating ground glass diffuser
followed by a lens with an outer diameter of 30 mm. The
expanded parallel beam passes then through the polarizer,
birefringent sample plate and analyser. Two motorized
rotation mounts are used for the angular setting of the
polarizer and analyser with a resolution of 0.01 deg or
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Fig. 1. Schematic representation of the imaging polarimeter and
the light propagation through the polarizer P, sample S,
and analyser A. L1, L2 are the laser beam expander;
L3 — imaging lens; GD — ground glass diffuser; M — motor.
Here, 0 is the azimuth of the polarizer with respect to the
crystal principal of fast fand slow s axes and y is the azimuth
of the analyser with respect to the crossed position with the
polarizer, d is the sample thickness.

0.01/8 deg, using a micro-step adjustment for smoother
rotation performed by the computer controlling system,
while the sample stays static. The angle between the
passing axis of the polarizer and analyser is initially close
to 90 deg.

The expansion of the coherent laser light by a laser
beam expander is usually accompanied by the appearance
of a speckle pattern in the images. Therefore, a conven-
tional way to eliminate coherent noise in the form of
a rotating glass diffuser [19] mounted on a conventional
7200 rpm hard disk motor has been used.

After the light has passed through the PSA, the
monochrome 5 MP CMOS camera BFLY-PGE-50S5M,
equipped with a 58mm/0.5 lens detects the spatial
distribution of the light intensity in the grayscale image
keeping the sample in focus. Five dark frames are captured
beforehand in complete darkness and average frames are
subtracted further from each high dynamic range image in
order to eliminate a constant digital camera noise. The
transmitted light varies with position over the sample, but
it does not affect the measured parameters of the
polarimeter. However, any change in the laser intensity or
drift in camera sensitivity during measurements results in
measurement errors in the polarization state.

3. Experimental procedure
3.1. Map of the extinction ratio measurement

The light is partially polarized at the output of the
imperfect polarizer. If such light then passes through an
ideal polarizer (analyser), its rotation will cause intensity of
the transmitted light to change in the range from I, to
Imin and a degree of the polarization P can be defined as
[20]

Imax - Imin

p =% min (1)

Imax + Imin

The polarization degree is related to the polarization
extinction ratio

n=-0 2

which is the ratio of the minimum transmission to the
maximum transmission of the light when the analyser is
rotated. This quantity is often used as a quality parameter
of polarizing devices, and most often it should be as small
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as possible. For commercial Glan-Thomson polarizers, the
extinction ratio 7 is usually in the range from 1076 to 1075
and for a dichroic polarizing film from 10™* to 1072 [21].
It should be noted that the extinction ratio can also be

expressed in decibels, particularly ER = 10log (I“ﬂ),
min

therefore, its value is always positive and is usually used to

characterize light polarization in optical fibres [22].

To find both high and low extinction ratios, the
maximum I,,, and minimum [;, intensities should be
measured which means that the analyser must perform a
rotation within about 90 degrees. This measurement is
difficult to carry out for small n values since it requires
using light detectors with a high dynamic range. However,
using the generalized Malus’ law [23], it is possible to
implement accurate measuring of the extinction ratio for
small angles (+2 deg) of the analyser rotation. When
passing through the non-ideal polarizer, the light intensity,
which corresponds to the transitions axis of the polarizers,
remains unchanged, but the light intensity which
corresponds to the perpendicular axis is attenuated by the
factor 7, in the polarizer and by 7, in the analyser.
Assuming that at the input to the polarizer-analyser (PA)
system, the light intensity is equal to I, the output intensity
I depends on the angle ¢ between the axes of the polarizer
and the analyser as follows:

i
() = 30 [(1 +nym,) cos? @ + (y +1,) sin? @] (3)

Under the conditions of an ideal polarizer and analyser,
this expression transforms into the well-known Malus’ law.
Usually, in the experimental setup both polarizers have
similar extinction ratio values, then n; = 1, = 1 and, thus

I(p) = 150[(1 +1?%) cos? ¢ + 27 sin? ¢]. (4)

Instead of the angle ¢ it is more convenient to use the
misaligned angle a = ¢ —m/2 between the crossed
polarizer and analyser. It should be also taken into account
that the position of the angle @, which corresponds to the
minimum transmission of the PA system, is initially
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unknown and its nonzero value as « is introduced. Then,
assuming that a « 1, the formula for intensity can be
expressed in a parabolic form

I(a) = %’[(a —ay)?+2n] = aa® + ba +c, ®)

where terms that are small by the order of magnitude and
proportional to n% and a* are omitted, and a, b, c are the
coefficients of the approximation parabola. It can be seen
that the input intensity I, = a, the minimum intensity
Inin = I[(@g) = nly, the angle a, which corresponds to the
minimum intensity, is equal to @y = —b/2a and for the
extinction ratio the following expression is obtained:

¢ b?

M =———.
1 a 4a?

(6)

In order to experimentally determine the extinction
ratio 17, the measurement range of  not larger than 0.05 rad
is used. From (5) it follows that the light intensity after the
analyser at the angle ¢ — a5 = m is doubled compared
to that at @ — @y = 0. The error in the determination of n
comes from the uncertainty in the measurement of the angle
a and the light intensity. This fact imposes certain
requirements on the resolution of the analyser rotation
which must be sufficient to determine the expected 27
value for two identical polarizers.

A similar experimental technique was applied in
Refs. 24 and 25 which show the possibility of the precise
extinction ratio measurement in the region of the order
of 10710,

In the following test, both the polarizer and the analyser
were identical dichroic thin polarizing films with a
diameter of 50 mm between two windows with a thickness
of 3 mm each. To obtain a full map of the extinction ratio
2n, 25 images were achieved by changing the analyser
position approximately from @ = —2.0 to +2.0 deg and
with the polarizer standing still. As a pre-processing stage,
the Gaussian filter with a standard deviation of 3 to 5 was
used to blur each image which brings some loss of detail.

Figure 2 shows an example of measured data points for
light intensity transmitted through the PA system as a

o, [de
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500:

400
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Fig. 2. The measurement results of parameters for two identical polaroids in PA system: dependence of the light intensity transmitted through PA
system on the analyser azimuth y for the pixel located at [386, 405] (a); spatial distribution of the extinction ratio 21(x, y) (b); distribution

of the angle a(x, y) that corresponds to the minimum intensity (c).
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function of the analyser azimuth y and a least-squares
parabola based on the coefficients a, b, and, ¢ according
to (5). For the pixel located at [386, 405] in the image,
the extinction ratio, found by curve fitting, equals
2n = (2.4 4 0.2) x 10~*. A similar procedure for obtain-
ing these coefficients of the approximation parabola was
carried out for each pixel of a digital camera. This
procedure made it possible to get a map of the extinction
ratio, as well as the analyser azimuth «, which corresponds
to the minimum light transmission in the PA system. The
spatial distribution of the extinction ratio and the angle of
the minimum intensity in Fig. 2 correspond to an area of
approximately 15 X 15 mm?. The extinction ratio, obtained
this way for two polarizers, indicates the inhomogeneity of
their polarization properties due to fabrication errors.
Spatial distribution of the angle ay(x,y) in Fig. 2(c)
corresponds to the minimum intensity of the PA system
(commonly termed crossed polarizers). In an ideal
analyser, such distribution can be considered as a spatial
distribution of polarization across the polarizer aperture or
as a map of the main transmission axis of the tested linear
polarizer.

3.2. Phase difference measurement

Let us now consider the analytic expression of the
polarimeter. In high accuracy, polarimetry experiments are
performed under the condition when the birefringent
sample is placed between a nearly crossed polarizer and an
analyser. At the same time, the azimuth 8 of the polarizer
with respect to the principal axis of the sample is small
(6 < 1). It is assumed that with crossed polarizers and
6 = 0, the analyser azimuth is also zero (y = 0). Under
these conditions, the relative intensity of the transmitted
light through the PSA system can be written in the
simplified form of an elliptic paraboloid [26]:

J(6,x) =60%—2cosT -0y + x%+2ksinT- (8 —y), (7)

where ' = 2THAnd is the phase difference between the two

eigen waves of the light in the sample, A is the wavelength
of light, An is the linear birefringence (LB), and d is the
sample thickness, k is the parameter that relates to the
optical activity (OA) of the crystal which is defined as the
ratio of the minor axis to the major axis of the ellipse of
eigen waves polarization [27]. The actual azimuth 6 differs
from the measured azimuth 6’ by the unknown value 66,
so that 6 = 8’ + 66. Equation (7) does not take into
account the imperfection parameters of polarizers which
are important for the accurate determination of the k value,
but do not affect the measured I' value.

The phase difference I' has been determined by a
method similar to that used in a conventional polarimeter
[26, 28]. The analyser azimuth >34 that corresponds to the
minimum of the light transmission through the PSA system
can be obtained from the condition (3] /dy)e = O:

xPSA@',T) = (8’ + 80) cosT + ksinT (8)

In the PA system, the phase difference I' = 0, and the

experimental dependence yF4 (') = ' accordingly can

be used as a reference line. Furthermore, it can be seen that

in the PSA system, the intensity minima azimuths yF32 of

the analyser are on a straight line with the slope equal to
cosT.

4. Imaging polarimetry for wave plates

Next, the rotating polarizers method was employed to
get a 2D phase retardation distribution by the method used
in the single-channel conventional polarimeter. To do this,
the images obtained on the polarimeter at different relative
positions of the polarizers are processed. Optimally, it was
81 or 121 HDR images, i.e., 9 or 11 positions for the
polarizer and the analyser, respectively. The main
procedure in further image processing is to find the
minimum of the light intensity for each pixel of the sample
image in the PSA system while rotating the analyser and
keeping the polarizer still.

The most common type of wave plate is a quarter-wave
plate, for which the phase difference is I' =mw/2 for a
specific wavelength. Figure 3 plots the phase difference
variation for a central part of the aperture of a commercial
zero-order quarter-wave plate with a diameter of 50 mm
fabricated for a 633 nm wavelength. The measured mean
value of the phase difference throughout the wave plate is

I'= g — 0.12 and is relatively close to the ideal phase differ-
ence of [, = g . A difference of around I' — ) & —0.12 rad

is within tolerance for some applications of this type of
wave plates. However, a more noticeable characteristic of
the obtained distribution of the phase retardation is its
spatial modulation with a depth of 10%, caused by the
multiple reflections of light at the faces of the plate. The
period of the spatial modulation is less than 2 mm and may
remain unnoticed when using conventional polarimetric
schemes with a narrow laser beam. In practice, it is difficult
to position the light beam in such a way that the phase
difference is constant when the experimental conditions are
changing.

I'-n/2 [rad]

y [mm]

2

0

Fig. 3. Phase difference I' — /2 variation along the selected row of
pixels (white line) for a quarter-wave plate made for a
wavelength of 633 nm (top) and spatial distribution map of
the phase difference (bottom).

A similar result was obtained for an quarter-wave plate
but fabricated for a light wavelength of 450 nm (Fig. 4).
The measured I' value with a helium-neon laser varies from
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Fig.4. Spatial variation of the phase difference I' map across the
birefringent wave plate for a wavelength of 450 nm.

0.78 to 0.95 rad and is not close to /2. These data were
presented in order to exclude the influence of polarization
elements on the observed pattern of spatial variations in the
effective value of the phase difference. The modulation
depth here is more significant and averages almost 20%.
Obviously, the use of wave plates with such properties may
be limited in systems with the spatial light modulation.

Retardance variations may be related to irregularities in
crystal thickness and also influenced by multiple light
reflections. Due to the relatively high refractive index of
the lithium niobate crystal, the interference fringes of
similar width are clearly visible. Figure 5 (top) shows in the
insert one of the 121 converted to 8-bit grayscale images of
the LiNbOs crystal plate with a size of 12x16 mm? and an
average thickness of d = 0.445 mm. Based on (8), the
measured value of the cosine of the phase difference I' is
equal to

PSA

dyPs
€0S Ineas = Xmin )

6"’

and it does not take into account the influence of
interference phenomena associated with the reflection of
light in a crystal plate, thickness of which is not constant.
Handmade crystalline plates usually have a maximum
thickness in their centre and then it decreases towards the
edge. Figure 5 (top) also shows the spatial variation of the
measured cos [0, value and transmitted light intensity
along the row of pixels highlighted by the red dash line in
the insert. The correlation between interference fringes and
spatial variations of cosIj,eas is clearly visible. A 3D
surface plot of the cos Iy, for a central part of 6 X 5 mm?
of the crystal plate was also shown in Fig. 5 (bottom). The
procedures for correction of such results are described in
detail in Ref. [29] where the effectiveness of the HAUP
technique under similar experimental conditions is demon-
strated by several examples. As follows from Refs. 29 and
30, in the polarimetric experiment, the maximum cos [ a5
and minimum cos [,s 0f the observed cos [},0,5 values
correspond to extreme values of the interference factor
cos2¢ = +1, where ¢ = (2n/A)nnd, and n is the mean
refractive index of the birefringent crystal plate. Then, the
extremal values of the cos I'f.,s are related to the actual
cos I" value through the relation

04 1500

/\M M oo

Bl e

o
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COSTmeas
o
o

o
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Intensity [a.u.]

-04

3]
o
o

-0.6

-0.8

COSImeas
.
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Fig.5. Spatial variation of the measured cos [, Value (blue)
and transmitted light intensity (red) along the row of pixels
for crystal plate LiNbO; (a mean thickness of 445 um).
In the insert, there is one of 121 images of the LiNbO;
crystal plate in the PSA system (top). 3D surface plot of
the cos I'eas fOr a central part of the crystal plate selected
with a blue rectangle area (bottom).

cosT + 2r?
€05 Tiieas = 14+ 2r2cosT (19)

where 72 = (n — 1)?/(in + 1)2. For the lithium niobate
crystal 72 = 0.147, therefore, instead of the actual value of
cosT = —0.5, (10) gives the maximum and minimum
values of cosTjeas ® —0.24 and —0.69, respectively,
which is in good agreement with those observed in the
central part of Fig. 6. Applying similar calculations for a
quartz quarter-wave plate (r? = 0.046), the actual
difference of coSTja,s — COSTipeas = 0.18 can be
observed in Fig. 3. It is clear that multiple light reflections
in polarizers also affect measurement results and can often
occur in polarimetric measurements, especially using
polarizing cameras where this phenomenon cannot be
controlled.

5. Estimation of the eigen waves ellipticity

The imaging polarimeter can be configured to
determine the parameters of the optical anisotropy
associated with the optical activity of crystals against the
background of linear birefringence. The capabilities of the
tested polarimeter to determine the crystal optical activity
have been tested on the sample of a crystalline quartz plate
which was cut at an angle of about 30 deg to the optical
axis. The ellipticity k of normal waves [27] for this
direction is almost one order of magnitude higher than for
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Fig. 6. An example of dependence of the light intensity transmitted

for the one pixel through PSA system on the analyser

azimuth x7S (a). Dependence of yF32 on the polarizer

azimuth 6, which was measured for a quartz plate with an
average thickness of 1.75 mm (b).

the direction perpendicular to the optical axis [31]. In this
experiment, both the polarizer and the analyser were the
Glan-Taylor calcite prisms with a 10 mm clear aperture and
ER max. 1:10° [32]. This gives grounds to neglect the
systematic errors of HAUP which in magnitude should be
much smaller than the expected ellipticity, which in the
described experiment was around k = 0.006.

If the sample is considered to be optically homogeneous
(at least in terms of LB and OA), then the spatial changes
in the maps of the phase difference I" can be explained only
due to the regular changes in the thickness d of the sample.
For every pixel, the dependence of the light intensity,
transmitted through the PSA system on the analyser
azimuth yP5A can be obtained. Figure 6(a) shows an
example of such dependence for one image pixel with the
acquired analyser azimuth yPS2. For the same pixel in
Fig. 6(b), the experimental points of the analyser azimuth
xPSA for each of the 11 positions of the polarizer are
presented. According to (8), these points are on a straight
line [red in Fig. 6(b)] with a slope equal to cos I'. Assuming
in relation (8) the measured azimuth 68’ = 0, one can get

PSA
Imin O _ g0 coer 1k, (11)
sinT

where yP34(0,T) is the intercept point of the straight line
XPSA(9',T) when 8’ = 0. Since the scan area and the step
of the polarizer and analyser are the same, the horizontal
axis in Fig. 6 is common. Dependence (10) can be
experimentally found on the polarimeter for each image
pixel using the above-mentioned spatial changes in the I'
quantity.

In can be seen in Fig. 7 that the slope of the best fit line

PSA
g‘*ﬁ (0, cotT) is the difference 68 = (4.45 + 0.20) x 107

between the actual azimuth 6 and the reading 6’ on the
polarimeter. The number of experimental points in this
figure exceeds 10 000 and makes it possible to accurately
estimate the magnitude of the eigenwaves ellipticity
k = (5.56 £ 0.04) x 1073 in a quartz crystal which is
related to optical activity. The oscillations in the graph are
associated with the interference phenomenon in the crystal
plate. When measured on a conventional polarimeter, the

0.007

0.006

0.005

0.004

o
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>
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Fig. 7. The graph of intercept points from the linear dependence
PSA
of );mﬁ on cotT (in blue) and least squares best fit line (in

red) (a). The cotT topology measured for a crystalline
quartz plate (b). The area of cot I values that were used for
least squares fitting is highlighted.

light beam passes through the sample at one point,
therefore such dependencies are not observed. Naturally,
for a direction that is perpendicular to the optical axis, this
way of measurement of the k value should consistently take
into account systematic errors of the polarization system.
However, this does not exclude the fundamental possibility
of using such a method for measuring OA.

6. Conclusions

Examples of using the principles of the conventional high-
accuracy polarimetry well known in crystal optics have
been presented in solving some problems in imaging
polarimetry. To determine the main parameters of the
elements of polarization optics, the basic relations known
in HAUP are well suitable which makes it possible to use
spatial variations of the phase difference due to
insignificant changes in the thickness of the samples
instead of changing their temperature. Small scanning
angles of the polarizers azimuths can simplify the
analytical expressions and also reduce the range of light
intensity variation which improves the conditions of its
measurement during the experiment. In this regard, this
type of polarimeter is more advantageous when compared
to the known schemes [1, 2] that use the extensive rotation
(usually 0°, 45°, 90°, 135°) of polarizers.

Using the assumptions of the high-accuracy
polarimetry in combination with modern imaging cameras,
it is possible to obtain precise data on the quality of
polarizers, in particular, maps of the extinction ratio and the
main transmission axis.

The obtained experimental data for LiNbO3 and SiO;
crystal plates show sufficient sensitivity of the imaging
polarimeter for the registration of multiple light reflections
in birefringent plane-parallel plates, making it possible to
quantify their spatial inhomogeneities. Such data can
be used to test crystalline phase plates. The retardance
and the orientation of the axis of birefringence can be
measured by other methods, such as Refs. 33 and 35, but
they require the introduction of additional phase elements
which are sources of systematic errors in the high-accuracy
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polarimetry. The ability to measure optical activity on the
HAUP-type imaging polarimeter using the variation of the
phase retardation in the sample is a significant advantage.
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