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Abstract

A holographic Stokesmeter has the potential to be useful in high-speed polarization imaging applications. Highly

polarization-sensitive gratings are an important component in a robust holographic Stokesmeter. We demonstrate a

set of individual holographic gratings in a thick substrate displaying a high contrast in diffraction efficiency as a func-

tion of the polarization of the read beam. We confirm that the observed dependence is consistent with the coupled-wave

analysis of such gratings. In addition, we performed a numerical analysis of the noise tolerance of such a Stokesmeter,

and suggest a heterodyne architecture to further enhance signal-to-noise ratio.
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Polarization imaging [1–3] can discriminate a

target from its background in situations where

conventional imaging methods fail. Identifying

the components of the polarization of the light

reflected from the target allows one to construct

an image that corresponds to the target�s unique

polarimetric signature. This is useful in applica-
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tions ranging from target recognition to vegeta-

tion mapping [4–7]. Identifying the Stokes vector

of the scattered light completely characterizes

the polarization of the light [8]. Current architec-

tures for such a Stokesmeter include mechanical

quarter-wave plate/linear polarizer combinations,

photo-detectors with polarization filtering grat-
ings etched onto the pixels, and liquid crystal var-

iable retarders [9–13]. The mechanical system is

limited by the fact that it must rotate the angle

between the wave-plate and polarizer before
ed.
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determining each Stokes parameter. Polarization

gratings cannot currently resolve the full Stokes

vector. The liquid crystal (LC) variable retarder

system is analogous to the mechanical wave-

plate/polarizer system with an LC display replac-
ing the waveplates. The process is still sequential

and the time required to reset the display limits

the device to �10 Hz. Systems based on the wave-

plate/polarizer architecture that split the beam

into four parts and calculate the parameters in

parallel require four times as many optical com-

ponents as a system based on a single holographic

substrate, beamsplitter, and waveplate.
Grating based polarimeters have been pro-

posed and demonstrated for use in spectroscopic

ellipsometry applications by Azzam and co-work-

ers [14,15] and by Todorov and Nikolova [16].

These types of polarimeters are based on measur-

ing the intensity of multiple orders of diffraction

from a thin grating (two such gratings in the case

of Todorov and Nikolova). These devices also uti-
lize the polarization properties of gratings, how-

ever, several key differences exist. First, these

polarimeters are based on measuring the intensity

of multiple orders of diffraction from a thin grat-

ing. Because only four orders are needed for

measurement, any energy diffracted into other or-

ders is wasted. In our case of the thick holo-

graphic Stokesmeter, it is simple to design the
hologram in such a way as to divide the incident

power into the diffracted beams with no energy

being directed into unused orders. Another differ-

ence between thick and thin gratings is evident in

their spectral selectivity. Thin gratings have a

large spectral bandwidth, so for polychromatic

sources, each diffracted order will have an angular

spread associated with it. By contrast, the thick
hologram acts as a natural spectral filter, allowing
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only a very narrow range of wavelengths (typi-

cally much less than 1 nm) [17]. This difference

is important for constructing a polarimetric im-

age. For the thin grating Stokesmeter, because

of the angular spread, at a given detector point
there will be a signal due to one wavelength at

the expected diffraction order plus some signal

due to a different wavelength from a neighboring

diffraction order. This will present a noisy image

and will be difficult to overcome. Our thick holo-

graphic Stokesmeter will not have this problem,

and thus will be more suited to polarimetric

imaging.
A holographic Stokesmeter can be used to

resolve all four Stokes components in parallel

and at a high speed [18]. For a typical thick holo-

graphic grating, the response time of the device

can be on the order of 10 ps. This removes the de-

vice as the bottleneck in the imaging system and

instead the desired signal-to-noise ratio and detec-

tor parameters set the upper limit on the speed of
the polarimeter. The details of this Stokesmeter are

presented in [18]. Here, it is instructive to recall

briefly the essential features (see Fig. 1).

The architecture for a holographic Stokesmeter

utilizes the polarization-dependence of thick holo-

graphic gratings to resolve the components of the

Stokes vector. Four gratings are used with two an-

gles of rotation. The scattered light is split and
half is diffracted from the first two gratings while

the other half passes through a quarter-wave plate

before diffracting from the remaining two grat-

ings. A Mueller matrix analysis of the architecture

leads to a measurement matrix involving the dif-

fraction efficiencies for s- and p-polarized light of

the four gratings (weighted by the appropriate

Fresnel transmittances) and the rotation angles
of the gratings
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Fig. 1. Diffraction from a thick grating.
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where the coefficients Ai and Bi depend on perpen-

dicular and parallel components of the diffraction
efficiency for the ith grating and cj are the angles

of rotation. It1�4 are the four measured intensities

that are required and I, Q, U and V are the four

Stokes components to be determined. In order for

the matrix in (1) to be well-conditioned [19,20],

the diffraction efficiencies of the four gratings need

to be chosen properly along with the other param-

eters. Given that the coefficients of the matrix in (1)
depend on polarization-sensitive diffraction it can

be seen that in order to design a robust system,

one must be able to control the amount of diffrac-

tion for each polarization very carefully. For exam-

ple, it may be desirable for A–B to be a large

negative quantity, which requires a grating that

ideally diffracts only p-polarized light. One might

also require A–B to be a large positive quantity,
requiring a grating that ideally diffracts only s-po-

larized light. We demonstrate preliminary results

for such gratings and show that the polarization

dependence of these gratings can be accurately

described by coupled-wave analysis.

The derivation of the coupled-wave equations

for arbitrary polarization is straightforward and

can be found in [17]. Here, we present the result
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Note that for ûi � ûd ¼ 1, the equations reduce
to the case of perpendicular polarization. The dif-

fraction efficiency for general polarization follows

from Eq. (2):
g ¼ sin2 j ûi � ûdð Þ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos hi cos hd

p
� �

: ð3Þ

For the case of parallel polarization the dot

product ûi � ûd ¼ � cosð2ðhi � /ÞÞ, and the equa-

tions for the diffraction efficiency of each polariza-

tion are as follows:

g? ¼ sin2 pn0
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One can observe what can be considered a holo-

graphic Brewster angle for geometries such that

hi � / = 45�.
Studies of the polarization dependence of the dif-

fraction efficiency have been carried out for the case

of achieving elimination of one unwanted polariza-

tion, using the holographic Brewster angle method,

for the purpose of creating holographic optical

elements [21,22]. We are interested in establishing

the precision with which the observed polarization

diffraction contrast matches the analytic theory.
In particular, this requires an indirect determina-

tion of the index modulation amplitude from the

diffraction efficiency of one polarization. This value

is then used to predict the diffraction efficiency at

the other polarization, in order to compare with

the experimental value. Finally, this is the first time

where the polarization contrast gratings have been

made in theMemplex�material, which is a key can-
didate for realizing the Stokesmeter.

The Memplex material we use is a dye-doped

photopolymer with an index of refraction of

1.482 and a sample thickness of 2 mm. Given the

index of this material, it is not possible to achieve

the required hi � / = 45� condition using beams

incident on the same surface. However, if one were

to use a cubic geometry the condition is easily
achievable. The gratings used here were written at

532 nm with writing angles of 52.5� and 57� to pro-

duce a slanted grating. Reading was done at the

same wavelength and at 57�. Six individual gratings
were written using different exposure times. The

diffraction efficiency was then measured for various

angles of the polarization of the incident read

beam. The readout setup is shown in Fig. 2.
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Theoretical results were calculated using Eq. (4).

The value of n 0 was calculated using Eq. (4) with

measured values of the diffraction efficiency and

compensating for Fresnel reflection loss.

The gratings were read at the Bragg angle, so
the angles of the incident and diffracted beam are

known and were used to determine Fresnel reflec-

tions. These reflections were taken into account

and Eq. (4) was used to determine the theoretical

diffraction efficiency. The theoretical and experi-

mental results are plotted in Fig. 3 without using
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any free fitting parameter. Note that the experi-

mental deviation from the coupled-wave theory

is very small. These results also demonstrate a high

degree of contrast in diffraction efficiency between

the s- and p-polarizations, greater than 70% in
some cases.

Two separate numerical simulations were per-

formed in order to simulate the performance of

the holographic Stokesmeter in the presence of

noise. The first case considered the effect of addi-

tive white Gaussian noise (AWGN) added to the

four intensity measurements. The measurement

matrix is assumed to be known without error.
The second case considers no noise in the intensity

measurements, but includes noise in the measure-

ment matrix itself. For each of these cases a variety

of Stokes vectors were tested. Shown here are the

results for the Stokes vector ½ 1 �0:6 0 0:8 �
averaged over 200 runs. Percent error is plotted

versus the contrast ratio of the gratings. The grat-

ing parameters used in the simulation were in fa-
vor of stronger diffraction of perpendicular

polarization for the first and fourth grating and

in favor of stronger diffraction of parallel polariza-

tion for the second and third grating. The rotation

angles used were 5� and 40�. Using these grating

parameters leads to an improvement of the meas-

urement matrix, however, these parameters do

not necessarily represent the optimal set. A more
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separate lines in each graph represent the different noise levels: + = �
exhaustive search through the entire parameter

space is required to fully optimize the measure-

ment matrix. The variance of the noise used was

�25, �30, �35 and �40 dB compared to a maxi-

mum normalized intensity of 1.
The results for case one are shown in Fig. 4. We

see from the figure that as the contrast ratio in-

creases, the average percent error decreases, with

limiting gains in the improvement past 50% con-

trast. These error results are specific to the chosen

input Stokes vector, but the general trend is the

same for an arbitrary input.

The results for case two are shown in Fig. 5.
This case shows the same trend of decreasing error

as the contrast ratio increases. Note the unusually

large error for contrast ratio values less than 50%

in this case. This is due to the fact that the noise is

added to the measurement matrix in this scenario,

and for average noise values that are larger than

the difference between the parallel and perpendicu-

lar polarization components of the diffraction effi-
ciency, the sign of the terms Ai + Bi in Eq. (1) will

change. This can lead to very large errors in the

calculation. As the contrast ratio increases, this ef-

fect lessens and the percent error rates approach

normal values.

As we can see from the data in Figs. 4 and 5, for

contrast ratios of greater than 50%, a relatively

noise-tolerant holographic Stokesmeter can be
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meter for the case of AWGN in the intensity measurements. The

25 dB; s = �30 dB; · = �35 dB; h = �40 dB; * = no noise.
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constructed depending on the noise level and the

desired percent error. The gratings shown here
demonstrated a contrast ratio of above 70%, indi-

cating that they will be adequate for use in con-

structing a preliminary version of the

holographic Stokesmeter.

If a further improvement in signal-to-noise ratio

is desired, a heterodyne receiver configuration can

be easily added to the holographic Stokesmeter

architecture. This architecture is illustrated in
Fig. 6. The four diffracted beams represent the four

intensities to be measured. These beams are mixed

with a strong local oscillator using polarizing

beamsplitters. The local oscillator is chosen to be
Fig. 6. Heterodyne receiver for holographic Stokesmeter.
linearly polarized at 45� so that both the perpendic-

ular and the parallel components of the diffracted
light will be mixed with the local oscillator evenly.

Each of the eight beams is then sent through a

standard heterodyne receiver architecture and the

value of the perpendicular and parallel components

of each of the four diffracted beams is recovered.

These can then be used in conjunction with the

measurement matrix to determine the four Stokes

parameters. The heterodyne architecture has the
advantage of helping to overcome the system noise

and improve the signal-to-noise ratio by providing

additional input intensity.

We have demonstrated that highly polarization-

sensitive holographic gratings required for a holo-

graphic Stokesmeter can be made. These gratings

can be accurately described by coupled-wave anal-

ysis. We have performed a numerical analysis of
the noise tolerance of the Stokesmeter, and the

gratings demonstrated will allow the construction

of a preliminary holographic Stokesmeter. The

use of a heterodyne receiver architecture can lead

to additional gains in the signal-to-noise ratio.
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