(19) World Intellectual Property Organization ‘f | [I

) IO O 0 OO O

International Bureau

(43) International Publication Date
23 October 2008 (23.10.2008)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2008/128024 Al

(51) International Patent Classification: [CN/US]; 3160 East 4th Street Apt. #6, Tucson, Arizona
GO1] 4/00 (2006.01) 85716 (US). OKA, Kazuhiko [JP/JP]; 517-31, Kita-21,
21) Int tional Application Number: Nishi-13, Kita-ku, Sapporo, Hokkaido 001-0021 (JP).
(21) International Application Num O L US2008/060006 DEHOOG, Edward A. [US/US]; 1001 Fast Flm Street,
Tucson, Arizona 85719 (US).
(22) International Filing Date: 11 April 2008 (11.04.2008) (74) Agents: DOUGHTY, Susan K. et al.; Greenlee, Winner
(25) Filing Language: English And Sullivan, P.C., 4875 Pearl East Circle, Suite 200, Boul-
der, Colorado 80301 (US).
(26) Publication Language: English (81) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of national protection available): AE, AG, AL, AM,
60/923,129 12 April 2007 (12.04.2007) US AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
61/063,561 4 February 2008 (04.02.2008)  US CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, F1, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
(71) Applicant (for all designated States except US): THE IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, L.C,
ARIZONA BOARD OF REGENTS ON BEHALF OF LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
THE UNIVERSITY OF ARIZONA [US/US]; 888 N. MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
Euclid Avenue, Room 204, P. O. Box 210158, Tucson, PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
Arizona 85721-0158 (US). SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
(72) Inventors; and ZA, IM, ZW.
(75) Inventors/Applicants (for Us only): (84) Designated States (unless otherwise indicated, for every

SCHWIEGERLING, James T. [US/US]; 924 W. Placita
Luna Bella, Tucson, Arizona 85755 (US). DERENIAK,
Eustace [US/US]; 1655 Kleindale Road, Tucson, Arizona
85719 (US). KUDENOY, Michael W. [US/US]; 825 East
5th Street, Tucson, Arizona 85719 (US). LUO, Haitao

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,

[Continued on next page]

(54) Title: COMPACT SNAPSHOT POLARIMETRY CAMERA

HW

SP2

v

FIG. 1

008/128024 A 1|0 0|00 0 0000 0O O

o (57) Abstract: Animaging polarimeter optics unit comprising: a first polarization-sensitive beam-splitter optic, a retarder, a second
polarization-sensitive beam-splitter optic, and an analyzer, through which input light passes in sequence, wherein the retarder and
polarization-sensitive beam-splitters cause the input light to have optical components that provide different information about the
state of polarization of the input beam is provided.

WO



WO 20087128024 A1 |00 000001000 00

NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, Published:
CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). —  with international search report



WO 2008/128024 PCT/US2008/060006:
NIVVO JITUU VY
UA 07-062

COMPACT SNAPSHOT POLARIMETRY CAMERA

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application takes priority from US provisional application Serial No.
60/923,129, filed April 12, 2007, and US provisional application Serial No.
61/063,561, filed February 4, 2008, the disclosures of which are hereby incorporated

by reference to the extent not inconsistent with the disclosure herein.

REFERENCE TO FEDERAL FUNDING SUPPORT
[0002] This invention was made with government support under Grant Number
R21 EY015499 awarded by NIH. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION
[0003] Electromagnetic radiation contains intensity, color (wavelength), and
polarization information. The human eye and conventional cameras are not
polarization sensitive. The polarization parameters of light are orthogonal to the
direction of propagation of the light. The state of polarization (*SOP”) from an
image is determined from the four Stokes vectors. As the light interacts with
objects in the environment, the polarization parameters of light are altered in a
fashion directly related to the material composition, surface roughness of objects
and shape of the objects. A man-made object has a different polarimetric image
than a natural object, for example. Polarization parameters are not affected by
color camouflage, fog, or other traditional optical obstructions and so contain
important information that can be used in a variety of applications such as military
applications, astronomical observation, remote sensing, security surveillance, and

terrain avoidance.
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[0004] In addition to conventional uses of polarized images, miniaturized systems
are becoming increasingly important, for example, in medical imaging and
surveillance applications. A miniaturized polarimeter could provide diagnostic

information in an endoscopic application, for example.

[0005] A variety of polarimeters have been developed. Conventional polarimetric
instruments require rotating or moving parts to acquire the complete Stokes vectors.
Rotating and moving parts require additional control systems, add complexity to the
instrument, add mechanical noise and increases risk of breakage. In addition, a
rotational or motional scheme requires several measurements to be taken to acquire
state of polarization information from the object, limiting measurements to static
scenes and slowing frame rates for video acquisition. Some instruments determine
state of polarization information from an object by splitting the incident beam into
spatially resolved parts determined by the polarization vector, and detecting the
different spatial parts separately. These systems have additional complexity, lower

resolution, higher cost and other disadvantages.

[0006] There is a need in the art for an improved system for providing real-time

polarization information, as well as a need for a miniaturized polarimeter.

BRIEF SUMMARY OF THE INVENTION
[0007] Provided is a system for obtaining state of polarization information from an
image. The provided system is scalable in size, requires no moving parts, captures
the SOP in a single measurement, and can be extended to video recording

technologies.

[0008] More specifically, provided is an imaging polarimeter optics unit
comprising: a first polarization-sensitive beam-splitter optic, a retarder, a second
polarization-sensitive beam-splitter optic, and an analyzer, through which input light

passes in sequence, wherein the retarder and polarization-sensitive beam-splitters



WO 2008/128024 PCT/US2008/060006

cause the input light to have optical components that provide different information

about the state of polarization of the input beam.

[0009] Also provided is a method for determining polarization properties of light
from an object, comprising the steps of: providing an optical path from the object to a
detector; providing in the optical path an optics unit of the invention; detecting the
image at the detector; and calculating polarization properties of the image at the

detector.

[0010] In one embodiment, the analyzer is arranged such that a transmission axis
of the analyzer is not coincident with the direction of an optical axis of the second
polarization-sensitive beam-splitter optic. In one embodiment, a
polarization-sensitive beam-splitter optic is a Savart plate. In one embodiment, both
first and second polarization-sensitive beam-splitter optics are Savart plates. In
one embodiment, the analyzer is arranged such that a transmission axis of the
analyzer is arranged at an angle of 45° with respect to the direction of an optical axis
of the second polarization-sensitive beam-splitter optic. In one embodiment, the
retarder is a half-wave plate. In one embodiment, the optics unit further comprises
a focusing lens. In one embodiment, the optics unit further comprises an imaging
lens. In one embodiment, a detector is positioned at the focal point (or image plane)
of the focusing (or imaging) lens. In one embodiment, a Fourier transform lens is
placed at or about the focal point or focal plane of the focusing lens. In one
embodiment, the optics unit further comprises a detector or image sensor. In one
embodiment, the detector is a CCD. In one embodiment, the detector is CMOS.

In one embodiment the detector is a camera. In one embodiment, the detector is a
miniature camera. In one embodiment, the detector is a cell-phone camera. Inone
embodiment, the optics unit is less than 1.5 cm long. It is known that the Fourier
transform can be taken optically, instead of post-processing the captured image in
software. Optical Fourier transformation embodiments are included in the
disclosure herein, and the description herein can be modified to take into account

these embodiments without undue experimentation.
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[0011] Also provided is a polarimetry camera comprising: a first Savart plate; a
half-wave plate; a second Savart plate; an analyzer; a lens; and an image sensor,
through which input light passes in sequence along an optical axis, wherein the
half-wave plate is positioned so that an optical axis of the half-wave plate forms an
angle of 22.5° with respect to the direction of the optical axis of the first Savart plate,
an optical axis of the first and second Savart plates are substantially the same, and
the transmission axis of the analyzer forms an angle of 45° with an optical axis of the
second Savart plate. The image sensor can be a camera. The image sensor can
be a display. The image sensor can be a conventional detector, such as a CCD or
CMOS. In an embodiment, the half-wave plate is optional, as long as light passing
through the polarization-sensitive beam splitters is sheared to interfere at the image

plane.

[0012] Also provided is a method for determining polarization properties of light
from an object, comprising the steps of: providing an optical path from the object to
a detector; providing in the optical path an optics unit described herein; detecting the
image at the detector; calculating polarization properties from the image at the
detector. In one embodiment, polarization properties are the Stokes vectors. Inone
embodiment, polarization properties are based on the Stokes vectors such as
ellipicity angle or azimuth angle. It is understood that all available information about
polarization properties of the image does not need to be measured or calculated. In
one embodiment, the calculating step comprises performing a Fourier transform

analysis of the image at the detector.

[0013] Also provided is a method for determining polarization properties of light
from an object, comprising the steps of: providing an optical path from the object to
a detector; providing in the optical path an optics unit described herein; detecting the
optical Fourier transform of the image at the detector; calculating polarization

properties from the optical Fourier transform at the detector.
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BRIEF DESCRIPTION OF THE FIGURES

[0014] Figure 1 is a schematic of one embodiment of the system.

[0015] Figure 2 shows the Savart plate portion of the system. Black solid double

arrows indicate optic axes of the Savart Plates.

[0016] Figure 3 shows the optical path difference (“OPD”) generated by the Savart

Plate with a random incident angle

[0017] Figure 4 shows an optical layout with ray tracing shown. The inset |
illustrates the OPD formation of a Savart plate between two orthogonal polarization
beams in the case of a skewed incident ray. The insert Il shows the four emerging
rays off the back surface of SP 2. The “e” (extraordinary) and “o” (ordinary) letters

denotes the polarization consequences through the system.

[0018] Figure 5 shows an exemplary imaging system with a scaling factor of 15

from an exemplary system. The shown CCD camera has a pixel spacing of 4.75um.

[0019] Figure 6(a) shows simulated image spot diagrams of the polarimetry
imaging system. The imaging lens is modeled as a paraxial lens. The object is 1
meter away from the imaging lens and two field points (0°, 0°) and (25°, 25°) are
sampled. The off-axis spot diagram displays anisotropy. Figure 6(b) shows the ray
shearing diagrams at the back surface of SP2 for (0°, 0°) and (25°, 25°) field points
respectively. For illustration purposes, one incident ray is shown. The dotted

rectangle is drawn to illustrate the diagonal shearing between the four rays.

[0020] Figure 7 (a) shows the raw image obtained by the polarimetry camera. A
3nm bandwidth filter is used in front of the polarimeter. Figure 7(b) shows the

reconstructed Stokes images of the image shown in Figure 7(a).

DETAILED DESCRIPTION OF THE INVENTION
[0021] The following nonlimiting description is intended to provide examples of

some embodiments of this invention and further information about the operation of



WO 2008/128024 PCT/US2008/060006

the invention. Although theory is presented, Applicant does not intend to be bound

by the operational theory presented.

[0022] The term “electromagnetic radiation” and “light” are used synonymously in
the present description and refer to waves of electric and magnetic fields. As used
herein, the transmission or optic or optical or principal axis is defined as is

customary in the art.

[0023] “Optical communication” refers to a configuration of two or more elements
wherein one or more beams of electromagnetic radiation are capable of propagating
from one element to the other element. Elements in optical communication may be
in direct optical communication or indirect optical communication. “Direct optical
communication” refers to a configuration of two or more elements wherein one or
more beams of electromagnetic radiation propagate directly from a first device
element to another without use of optical components for steering and/or combining
the beams. “Indirect optical communication” on the other hand refers to a
configuration of two or more elements wherein one or more beams of
electromagnetic radiation propagate between two elements via one or more device
components including, but not limited to, wave guides, fiber optic elements,
reflectors, filters, prisms, lenses, gratings and any combination of these device
components. Although the description is provided here with specific components, it
is understood that other components such as fiber optics and waveguides may be
used in the invention. The operation and use of other components is well
understood by one of ordinary skill in the art. Also, the description is provided here
with minimal other optics components in the system. It is understood that other
optics, such as filters, lens and other optics may be used with the system. The
operation and selection of such optics is well understood by one of ordinary skill in
the art. The methods and devices described herein can be used in any desired
frequency or wavelength range, provided the optics are capable of having the
described function in the desired portion of the electromagnetic spectrum. In one

embodiment, the methods and devices described herein are used in the visible
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portion of the spectrum. In one embodiment, the methods and devices described

herein are used in the infrared portion of the spectrum.

[0024] As used herein, a “polarization-sensitive beam-splitter optic” is any suitable
structure that changes the physical location of a portion of an incident light beam that
has a different polarization parameter than another portion of the incident light
beam. Examples of polarization-sensitive beam-splitter optics are Savart plates
and prisms. It is possible to use different types of polarization-sensitive

beam-splitter optics in a given system, such as one SP and one prism.

[0025] As used herein, a “Savart plate” (“SP”) takes the conventional meaning in
the art, and generally comprises two beam splitting plates with their optic axes at 45°
to the surface normal, rotated 90° with respect to each other. Savart plates may be
made from any suitable material, such as calcite or quartz, or materials with higher
birefringence, such as rutile and yttrium vanadate. Savart plates may be square or
round or any other suitable shape. The size of the Savart plates used may be any
desired size, such as for example in the case where a round plate is used,
approximately 50 mm in diameter, larger than 50 mm in diameter, approximately one
inch in diameter, approximately one half inch in diameter, approximately 10 mm in
diameter, less than 5 mm in diameter, less than 1 mm in diameter. The size of the
Savart plates used in the invention is a factor in determining the overall size of the

device.

[0026] As used herein, an “analyzer” modifies the polarization of incident light. The
analyzer forces the electric-field vector to lie in the analyzer’s transmission axis so

that different wave-front components can interfere along this axis.

[0027] As used herein, a “retarder” is a component that alters the polarization state
of a light wave traveling through it. Wave plates are examples of retarders. A
quarter-wave plate creates a quarter wavelength phase shift between the light

incident on the wave plate and the light exiting the wave plate. In other words, a
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quarter-wave plate creates a quarter wavelength phase shift between two
eigen-polarization states traveling through the retarder. A half-wave plate creates
a half wavelength phase shift between the light incident on the wave plate and the
light exiting the wave plate (two eigen-polarization states traveling through the

retarder).

[0028] The provided imaging system does not require moving polarization
elements. The provided imaging system can be made in any desired size. The
provided imaging system described here can be used with or retrofitted to any
camera or imaging system, such as a cell phone camera or “spy camera,” or with a
medical imaging system. The system of the invention may be simply placed in front
of a conventional imaging system, or the system of the invention can be designed

into the imaging system.

[0029] The provided imaging system described here requires few optical
components. Specifically, the provided imaging system does not require a focusing
or collimating lens in the front of the system. The system described here can be
used at any focal length, and the useful focal length is not fixed. In certain systems,
such as those used for astronomy, there is a telescope positioned at the front of the
system because of focal length limitations. The provided imaging system does not
have this requirement or limitation. The provided imaging system is suitable for
imaging scenes/objects whose distances vary within a large range from
approximately 1 mm to infinity.  Other useful distances include from 2 meters to
infinity (for a portable device as Fig.5), and less then 5 cm to infinity for a miniature
device. In the provided system, there is no need to change the focal length of the

front optics for focusing of each image.

[0030] The provided imaging system can measure the complete Stokes
parameters (Sp through S3) in a single image. In one embodiment, no moving parts
are used in the system. The provided imaging system is described with more

specificity using the following description.
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[0031] Figure 1 shows the general structure of one embodiment of the imaging
polarimetry system of the invention. In this embodiment, two pairs of Savart Plates
are placed in front of a normal camera. In all embodiments of the invention, the
analyzer and lens can be positioned in any desired configuration. The analyzer
may be in front of the lens along the optical path, or the lens may be in front of the
analyzer along the optical path. If the analyzer is in front of the lens, the throughput

or image quality should be higher than in the alternative configuration.

[0032] Figure 2 shows additional details about the Savart plate portion of the

imaging system.

[0033] Figure 3 shows the straight line fringes formed on the image plate (or plane)
as the OPD between the two rays varies linearly with the incident angle. Notice that
this fringe pattern is produced by two orthogonal polarization components.
Therefore, the polarization information of the image can be deconvoluted by
analyzing the fringe pattern. For a complete acquisition of the Stokes Vectors, two
Savart Plates are needed to generate four relatively shear beams to interfere at the
imaging plane. In an alternative embodiment, the concepts described here can be
used with only one polarization-sensitive beam-splitter, such as one Savart plate.
The system will then provide information about only a part of the Stokes vectors.

This may be useful in systems where space is extremely limited.

[0034] Each Savart Plate generates a shear perpendicular to the other. A
half-wave plate (HWP) rotated by 22.5° is inserted between the two Savart Plates to
make a 45° angle of the electric field vector of the emerging ray from SP1 with
respect to the optic axis of SP2, shown in Figures 1 and 2. Although specific angles
are provided here and in other places in this disclosure, it is understood that the
given angles are not exact requirements, and that angles that are somewhat
different from the provided angles may be used, and are intended to be included in

the disclosure. For example, angles up to +5 and up to £10 and up to +15 percent
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from the provided angles are included. Larger discrepancies may also be used,

provided that the function described herein if fulfilled.

[0035] As a result of the emerging ray patterns, an image with multiple fringe

pattern superimposed on each is obtained, which can be written as

Ii(xi’yi)

= %SO + %COS(ZTCQ(XZ- + )8,

1 1
+Z|S23|cos[2n(2Q)xl. —arg(®,,)] —Z|S23|cos[2n(2§2)yl. +arg(®,)] EQ.1

where Sg, S+, S, and Sz represent the spatially-dependent Stokes parameters on the
object, and Q denotes the fringe spatial frequency resulting from the beam shear of

the Savart Plates.

[0036] Eg.1 is derived by tracing the rays through the Savart Plate and imaging
lens, recording the optical path length and polarization status. The detailing
mathematic derivation is well explained in the literature. The four Stokes parameters
are separated into individual channels in the frequency domain, and thus can be

reconstructed simultaneously from a single image using Fourier transform.

[0037] The theory and operation are now described in more detail. Figure 4(a)
illustrate a more detailed view of one embodiment of the imaging system’s optical
layout, which contains two Savart Plates sandwiching a half wave plate (HWP)
oriented at 22.5°, an analyzer at 45°, and a mini camera with a band-pass filter. Each
Savart Plate is a beam shearing element where two orthogonal polarization
components, the ordinary (0-) and extraordinary (e-) lights experience a parallel
shearing from each other after propagating through the SP. This shearing is crucial
in that it creates an optical path difference (OPD) between the o-ray and e-ray that

varies linearly with the incident angle 6 as illustrated by insert | of Fig. 4 (a). With the

10
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imaging lens, the incident angle can be directly interpreted by the coordinates at the
image plane. The combination of the two SPs and HWP generates four output rays
from a common incident ray, with equal and diagonal shearing as illustrated in insert
Il of Fig.4(a). Note that the HWP at 22.5° rotates the electric field vector by 45°,

enabling the second SP to shear the beams exiting the first SP. At the end, the

imaging lens recombines the four rays and the rays mutually interfere at the image
plane. The resultant interferogram can be detected by the insertion of an analyzer at

45°.

[0038] A fringe decomposition model based on the above geometrical
interpretation to derive the total intensity pattern can be applied. The total irradiance

at the image plane is a sum of the four rays and their mutual interference

2
> Eq. 2

where the bracket stands for the time average and each term in the bracket

contributions, as

1 w1 ; 1 o1 .
I={|—E (H)e™ ——E ()e ™ +—E ()e ™™ +—E _(t)e ™
<‘2 L () 5 (D) 2 () 2 ()

represents the electric field of a ray after the analyzer. @1 through @4 denote the
accumulative phase of each ray path. By geometric relations, ¢ through ¢4 can be

written as:

A
(pl(xi’yi):(); (pz(xiﬂyi)zznﬁ(xi—i_yi);

2A A Eqg. 3
(p3(xi7yi):2nvxi; (p4(x7y):2nﬁ(xi_yi) a

where x; and y; are the coordinates at the image plane, A is the wavelength and V24

represents the shearing distance generated by a SP. Using the definition of the

Stokes parameters, the intensity pattern is given as Equation. 1, where

11



WO 2008/128024 PCT/US2008/060006

. A
S,3=8,+iS; and Q=—.
23 2 3 ﬂf

[0039] The derivation procedure is analogous to the prismatic polarimeter
provided in the references cited herein. Note in Eqgs.1 that the Stokes parameters S¢
through S3; are modulated by various carrier frequencies, while Sp remains as a DC
component. This fact allows decoupling of the frequencies in the frequency domain
by Fourier transformation and to recover them simultaneously by inverse Fourier

transformation.

[0040] The fringe frequencies in Eqs.1, which are called the carrier frequencies

(CF) are proportional to Q=%. For a calcite SP, the shearing distance is given

byx/EA =0.075¢ (um), where tis the thickness in mm of the SP. At a fixed

wavelength and CFs, t is proportional to 7, the focal length of the imaging lens. This
becomes an important feature in that the total length of the polarimeter can be
scaled by a common factor. If a miniature lens is used, then the whole device can be
scaled down significantly. In a cell phone camera as an example, with =5 mm and
pixel spacing 4.75 ym, A=0.55 pm, and Q = 4 pixels/fringe. The required thickness ¢
then equals 1.54 mm and the total length of the polarimeter is shorter than 1.5 cm,
which is believed to be the smallest imaging polarimeter reported to date. If the SP
material is changed from Calcite to other higher birefringent materials, the length
can be further shortened. Compared to other polarization elements, the
plane-parallel feature of the SP makes it more cost-effective in fabrication and

assembly.

Example 1. Simulation

[0041] To simulate the system, the above mentioned parameters were inserted
into Zemax ray tracing software (see zemax.com) with a 5 mm diameter aperture.
The image spot diagrams and ray shearing diagrams from this simulation can be

seen in Fig.6. Two different field points were sampled and the object was 1 m

12
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distant. The image quality looks impressive for both the on-axis and off-axis field
points, with the aberrated spot size close to the diffraction limit. This result shows the
SPs do not introduce excessive aberrations when imaging a finite conjugate object.

In Fig.6(b), the on-axis ray shearing diagrams are consistent with expectation, i.e.,
four rays are sheared equally and diagonally with values ofv2A =113 um .

Conversely in the off-axis case, however, the four rays are not sheared ideally and
their shearing distances are not equal to each other. Both issues are due to the
asymmetry of the SP itself. This deviation worsens form on-axis to off-axis and it
may affect the sinusoidal nature of the fringes, which produces errors in the
reconstruction. Fortunately, this model simulation shows that such deviation
worsens slowly from on-axis to off-axis and it turns out that deviations can be well
calibrated by the reference image. The simulation shows that the imaging system

works well in a large range of depth of focus (DOP) and a wide field of view (FOV).

Example 2. Camera-scale system

[0042] A system with commercially available elements, all of which were one-inch
in diameter and mounted independently was built. The SPs were manufactured by

Karl Lambrecht Inc. A 75mm focal-length lens was used, extending the total length

by a factor of 15 from the imaging system. This parameter can be changed, as

known in the art. A photo of the actual polarimeter built is shown in Fig.5.

[0043] Figure 7(a) shows a raw image obtained by the polarimetry camera and
Fig.7(b) shows the reconstructed Stokes images. A uniform polarized image was
formed with a linear polarizer at 22.5° (S1 = 0.707, S, =0.707, S; = 0) was used as a
reference to calibrate the system. The camera’s viewing angle was about 60
degrees with respect to the ground and the object, a car, was about 30 m away. In
Fig.7(a), the clear fringes seen across the image indicates the existence of
polarization signals. This is due to the skewed sun-object-camera angle and less
scattering surfaces that are inside the scene. There is a change in the fringe pattern

on various surfaces (e.g., the window) of the car, indicating that different SOPs are

13
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reflected. The reconstructed Stokes images in Fig.7(b) also demonstrate this by
clearly identifying the car in different Stokes parameters. The circular polarization (in
S3) is weaker than the linear polarization (S4 and Sy). The region around the broken
ground (below the car in the image) looks noisy, because it contains higher
frequency contents that the processing algorithm cannot fully recover. The
processing can be changed if desired, to take into account this higher frequency

content.

Example 3. Miniature system

[0044] Following the theory and teachings herein, a miniaturized system can be
built. A miniature system can modify a cell phone camera with f =5 mm and pixel
spacing 4.75 um, A=0.55 um, and Q = 4 pixels/fringe. The required thickness t then
equals 1.54 mm and the total length of the polarimeter is shorter than 1.5 cm. The
elements can be glued together using appropriate glue and simply placed or glued in

front of a miniature camera such as a cell phone camera.

[0045] Other size systems can be made using the teachings described herein.
The systems include the necessary optics and light guiding as required for a given
application. For example, all systems may include a computer having the

necessary program for the analysis of the waveforms.
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Detectors in Astronomy, Saint-Michel-I'Observatoire, France, June 17-19, 1986,
Proceedings (A88-13301 03-89). Garching, Federal Republic of Germany,
European Southern Observatory, 1987, p. 227-236.

[0053] Noboru Ebizuka, Moriaki Wakaki, Yukiyasu Kobayashi, and Syuji Sato,
“‘Development of a Multichannel Fourier transform spectrometer”, Applied Optics,

vol. 34, pp 7899-7906 (1995)

[0054] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications;
and non-patent literature documents or other source material; are hereby
incorporated by reference herein in their entireties, as though individually
incorporated by reference, to the extent each reference is at least partially not
inconsistent with the disclosure in this application (for example, a reference that is
partially inconsistent is incorporated by reference except for the partially inconsistent

portion of the reference).
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[0055] All patents and publications mentioned in the specification are indicative of
the levels of skill of those skilled in the art to which the invention pertains.
References cited herein are incorporated by reference herein in their entirety to
indicate the state of the art, in some cases as of their filing date, and it is intended
that this information can be employed herein, if needed, to exclude (for example, to
disclaim) specific embodiments that are in the prior art. For example, when a
structure is claimed, it should be understood that structures known in the prior art,
including certain structures disclosed in the references disclosed herein (particularly

in referenced patent documents), are not intended to be included in the claim.

[0056] When a group of substituents is disclosed herein, it is understood that all
individual members of those groups and all subgroups of the group members, and
classes of group members that can be formed using the substituents are disclosed
separately. When a Markush group or other grouping is used herein, all individual
members of the group and all combinations and subcombinations possible of the

group are intended to be individually included in the disclosure.

[0057] Every formulation or combination of components described or exemplified
can be used to practice the invention, unless otherwise stated. Specific names of
optics and other materials are intended to be exemplary, as it is known that one of
ordinary skill in the art can name the same optics and materials differently. One of
ordinary skill in the art will appreciate that methods, device elements, starting
materials, imaging methods, and analysis methods other than those specifically
exemplified can be employed in the practice of the invention without resort to undue
experimentation.  All art-known functional equivalents, of any such methods,
device elements, starting materials, imaging methods, and analysis methods are
intended to be included in this invention. Whenever a range is given in the
specification, for example, a distance range, all intermediate ranges and subranges,
as well as all individual values included in the ranges given are intended to be

included in the disclosure.
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[0058] As used herein, “comprising” is synonymous with "including," "containing,"
or "characterized by," and is inclusive or open-ended and does not exclude
additional, unrecited elements or method steps. As used herein, "consisting of"
excludes any element, step, or ingredient not specified in the claim element. As used
herein, "consisting essentially of" does not exclude materials or steps that do not
materially affect the basic and novel characteristics of the claim. Any recitation
herein of the term “comprising”, particularly in a description of components of a
structure or in a description of elements of a device, is understood to encompass
those structures and methods consisting essentially of and consisting of the recited
components or elements. The invention illustratively described herein suitably may

be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[0059] The terms and expressions which have been employed are used as terms
of description and not of limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features shown and described
or portions thereof, but it is recognized that various modifications are possible within
the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and
optional features, modification and variation of the concepts herein disclosed may
be resorted to by those skilled in the art, and that such modifications and variations
are considered to be within the scope of this invention as defined by the appended

claims.

[0060] In general the terms and phrases used herein have their art-recognized
meaning, which can be found by reference to standard texts, journal references and
contexts known to those skilled in the art. The definitions are provided to clarify

their specific use in the context of the invention.
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CLAIMS

We claim:

1.

An imaging polarimeter optics unit comprising:

a first polarization-sensitive beam-splitter optic, a retarder, a second
polarization-sensitive beam-splitter optic, and an analyzer, through which
input light passes in sequence, wherein the retarder and
polarization-sensitive beam-splitters cause the input light to have optical
components that provide different information about the state of polarization

of the input beam.

The optics unit of claim 1, wherein the analyzer is arranged such that a
transmission axis of the analyzer is not coincident with the direction of the

principal axis of the second polarization-sensitive beam-splitter optic.

The optics unit of claim 1, wherein a polarization-sensitive beam-splitter optic

is a Savart plate.

The optics unit of claim 1, wherein both first and second

polarization-sensitive beam-splitter optics are Savart plates.

The optics unit of claim 1, wherein the analyzer is arranged such that a

transmission axis of the analyzer is arranged at an angle of 45° with respect

to the direction of the principal axis of the second polarization-sensitive

beam-splitter optic.

The optics unit of claim 1, wherein the retarder is a half-wave plate.

The optics unit of claim 1, further comprising a focusing lens.

The optics unit of claim 1, further comprising a detector.
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10.

11.

12.

13.

14.

15.

16.

17.
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The optics unit of claim 8, wherein the detector is a CCD or CMOS.

The optics unit of claim 8, wherein the detector is a camera.

The optics unit of claim 8, wherein the detector is a miniature camera.

The optics unit of claim 8, wherein a detector is positioned at the focal plane

of the focusing lens.

The optics unit of claim 1, wherein the optics unit is less than 1.5 cm long.

The optics unit of claim 7, further comprising a Fourier transform lens placed

at or about the focal point of the focusing lens.

The optics unit of claim 14, further comprising a detector.

The optics unit of claim 15, wherein the detector is a CCD or CMOS.

A polarimetry camera comprising:

a first Savart plate;

a second Savart plate;

a half-wave plate;

an analyzer;

a lens; and

a sensor, through which input light passes in sequence along an optical axis,
wherein the half-wave plate is positioned so that the optical axis of the
half-wave plate forms an angle of 22.5° with respect to the direction of the
optical axis of the first Savart plate, the optical axis of the first and second

Savart plates are substantially the same, and the transmission axis of the
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18.

19.

20.

21.

22.

23.
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analyzer forms an angle of 45° with the transmission axis of the second

Savart plate.

A method for determining polarization properties of light from an object,
comprising the steps of:

providing an optical path from the object to a detector;

providing in the optical path an optics unit of claim 1;

detecting the image at the detector;

calculating polarization properties from the image at the detector.

The method of claim 18, wherein polarization properties are the Stokes

vectors.

The method of claim 18, wherein polarization properties are the Stokes

vectors in the infrared spectrum.

The method of claim 18, wherein the calculating step comprises performing

a Fourier transform analysis of the image at the detector.

A method for determining polarization properties of light from an object,
comprising the steps of:

providing an optical path from the object to a detector;

providing in the optical path an optics unit of claim 14;

detecting the optical Fourier transform of the image at the detector;
calculating polarization properties from the optical Fourier transform at the

detector.

The method of claim 22, wherein polarization properties are the Stokes

vectors.
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24.  The method of claim 22, wherein polarization properties are the Stokes

vectors in the infrared spectrum.
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