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A method for imaging a sample, the method includes, during 
a single acquisition event, receiving a first polarization-en
coded EM field for a first point and a second polarization
encoded EM field for a second point. The method further 
includes re-directing the first polarization-encoded EM field 
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IMAGE MAPPED SPECTROPOLARIMETRY 

BACKGROUND 

Systems for spectropolarimetry are essential tools for diag
nostic imaging of all kinds. For example, spectropolarimetry 
systems have been used for object differentiation in aerial 
imaging or in microscopy. Traditional spectropolarimetry 
systems require moving parts such as a rotating retarder and 
are not easily adapted for multi-spectral use. 10 

SUMMARY 

2 
FIG. 48 shows a schematic view of the front surface of a 

dispersing reimager in accordance with one or more embodi
ments of the invention. 

FIG. 5 shows a schematic view of a dispersing reimager in 
accordance with one or more embodiments of the invention. 

FIG. 6 shows a schematic view of a image mapping spec
tropolarimeter in accordance with one or more embodiments 
of the invention. 

FIG. 7 shows a schematic view of a dispersing reimager in 
accordance with one or more embodiments of the invention to 
be employed in a compact, high resolution image mapping 
spectrometer. 

In general, in one aspect, the invention relates to a method 
for imaging a sample. The method includes, during a single 
acquisition event, receiving a plurality of polarization-en
coded electromagnetic (EM) fields from a plurality of points 

FIG. 8 shows a perspective view of an image mapping 
spectropolarimeter in accordance with one or more embodi-

15 ments of the invention. 
FI GS. 9 A-C shows a graphical flow chart that illustrates the 

operational principles of image mapped spectropolarimetry. 
FIG. 10 shows dual-band image mapping spectropolarim

eter in accordance with one or more embodiments of the on a sample comprising a first polarization-encoded EM field 
for a first point and a second polarization-encoded EM field 
for a second point; redirecting the first polarization-encoded 
EM field along a first pre-determined direction to a first loca
tion on a dispersing re-imager and the second polarization
encoded EM field along a second pre-determined direction to 

20 invention 

a second location on the dispersing re-imager; spectrally dis- 25 

persing the first polarization-encoded EM field to obtain a 
first spectrum; re-imaging the first spectrum onto a first loca
tion on a detector; spectrally dispersing the second polariza
tion-encoded EM field to obtain a second spectrum; re-imag
ing the second spectrum onto a second location on the 30 

detector; and detecting the first re-imaged spectrum and the 
second re-imaged spectrum. 

In general, in one aspect, the invention relates to a system. 
The system includes an image mapper configured to, during a 
single acquisition event, receive a plurality of polarization- 35 

encoded electromagnetic (EM) fields from a plurality of 
points on a sample comprising a first polarization-encoded 
EM field for a first point and a second polarization-encoded 
EM field for a second point, and redirect the first polarization
encoded EM field along a first pre-determined angle to a first 40 

location on a dispersing re-imager and the second polariza
tion-encoded EM field along a second pre-determined angle 
to a second location on the dispersing re-imager. The system 
further includes a dispersing re-imager configured to spec
trally disperse the first polarization-encoded EM field to 45 

obtain a first spectrum, re-image the first spectrum on to a first 
location on a detector, spectrally disperse the second polar
ization-encoded EM field to obtain a second spectrum, re
image the second spectrum on to a second location on the 
detector. The system further includes a detector configured to 50 

detect the first re-imaged spectrum and the second re-imaged 
spectrum. 

Other aspects of the invention will be apparent from the 
following description and the appended claims. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 shows a system in accordance with one or more 
embodiments of the invention. 

55 

FIG. 2 shows a schematic view of a chamieled spectropo- 60 

larimeter in accordance with one or more embodiments of the 
invention. 

FIG. 11 shows a flow chart describing a method in accor
dance with one or more embodiments of the invention. 

DETAILED DESCRIPTION 

Specific embodiments of the invention will now be 
described in detail with reference to the accompanying fig
ures. Like elements in the various figures are denoted by like 
reference numerals for consistency. Further, the use of"Fig." 
in the drawings is equivalent to the use of the term "Figure" in 
the description. 

In the following detailed description of embodiments of the 
invention, numerous specific details are set forth in order to 
provide a more thorough understanding of the invention. 
However, it will be apparent to one of ordinary skill in the art 
that the invention may be practiced without these specific 
details. In other instances, well-known features have not been 
described in detail to avoid Uilllecessarily complicating the 
description. 

In general, embodiments of the invention relate to image 
mapped spectropolarimetry. More specifically, embodiments 
of the invention relate to chamieled spectropolarimetry 
employing an image mapping spectrometer. One or more 
embodiments of the invention relate to a system and method 
for producing an image of a sample or a scene that includes 
both spectral and polarization information in a single snap-
shot or single acquisition event. 

For purposes of this invention, a sample is any biological or 
non-biological material, object, or specimen, which may be 
imaged. In one embodiment of the invention, a sample 
includes a number of sample points. A sample point may 
reside at a particular (x,y,z) location in the sample. Sample 
points may further serve as source points for backscattered 
electromagnetic (EM) radiation. 

For purposes of this invention, a scene includes all of the 
objects that fall within the field of view of the image mapping 
spectropolarimeter. In one embodiment of the invention, a 
scene includes the ground as seen from an aircraft or other 
airborne object. In one embodiment of the invention, a scene 
includes multiple microscopic objects. 

In one embodiment of the invention, a single acquisition 
event may occur when a detector simultaneously detects a 
number of EM fields emanating from multiple points on the 
surface (in the x,y plane) of a sample being illuminated. The 

FIG. 3 shows a schematic view of an image mapping spec
trometer in accordance with one or more embodiments of the 
invention. 

FIG. 4A shows a schematic view of an image mapper in 
accordance with one or more embodiments of the invention. 

65 EM fields emanating from each of the multiple points may 
correspond to EM fields emanating from various polarizing 
objects, for example, a planar reflecting surface, for the point 
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located at the x,y position in the x,y plane. In one embodiment 
of the invention, emanating refers to EM waves that are 
reflected, scattered, backscattered, or otherwise emitted from 
a location on the sample. In one embodiment of the invention, 
the acquisition event begins and ends when the detector 
begins to detect EM radiation and finishes detecting the EM 
radiation, respectively. 

EM radiation, EM waves, and EM fields are assumed to be 
synonymous and may be used interchangeably within the 
following detailed description. EM fields may be described as 10 

transverse waves having a polarization state described by the 
well known stokes parameters Sa, Si, S2 , S3 . A EM field may 

4 
Further, user feedback 112 may be received at computer 

system 110 for performing various actions on one or both of 
the image mapping spectrometer 106 and spectropolarimeter 
102. For example, the sample or spectropolarimeter may be 
moved to allow the viewing ofa region ofinterest (ROI) to the 
userortheusermay wish to zoom into or out of the sample or 
scene ROI. Zoom may be accomplished spatially and/or spec
trally, through the use of hardware ( optical zoom) or software 
(digital zoom). 

FIG. 2 shows a schematic view of a spectropolarimeter 
configured to produce a polarization-encoded EM field in 
accordance with one or more embodiments of the invention. 
Spectropolarimeter 202 may include first retarder 208, sec
ond retarder 210, and polarizer 212. First retarder 208 is 

be defined as an EM field that includes many different wave
lengths or frequencies. It will be understood that image map
ping spectropolarimetery may be employed outside the vis
ible EM spectrum. 

In one embodiment of the invention, an EM field may 
originate from a sample point where information relating to 
the polarizing nature of the sample being imaged at the 
sample point is encoded within the spectrum of the EM field. 

15 configured to receive emitted EM field 118. In accordance 
with one embodiment, first retarder 208 may be made from a 
birefringent material having slow axis 214 and fast axis 216 
and oriented as shown. Second retarder 210 may be made 
from a birefringent material having slow axis 218 and fast 

20 axis 220 and oriented as shown. Further, fast axis 218 and 
slow axis 220 of second retarder 210 may be rotated 45 
degrees about the y-axis, resulting in a 45 degree angle 
between the slow and fast axes of first retarder 208 and the 
slow and fast axes of second retarder 210. Polarizer 212 is 

FIG. 1 shows a system in accordance with one or more 
embodiments of the invention. The system includes spec
tropolarimeter 102 configured to receive emitted EM field 
118 that emanates from sample 116. Collecting lens 114 is 
configured to collect emitted EM field 118. Spectropolarim- 25 

eter 102 is configured to modulate the spectrum of emitted 
EM field 118 according to the polarization state of emitted 
EM field 118, thus, creating polarization encoded EM field 
104. Polarization-encoded EM field 104 has encoded within 

configured to transmit EM waves having a polarization direc
tion parallel to transmission axis 222. Transmission axis 222 
may be configured to be parallel to fast axis 216 of first 
retarder 208. Polarizer 212 is further configured to emit polar
ization-encoded EM field 104. One of ordinary skill will 

30 understand that modulation frequencies of polarization-en
coded EM field 104 relate to and are affected by the thickness 
and material composition of first retarder 208 and second 
retarder 210. 

its frequency spectrum polarization information relating to 
the polarizing nature of sample being imaged. Image map
ping spectrometer 106 is configured to receive polarization
encoded EM field 104. Image mapping spectrometer 106 is 
configured to convert the polarization-encoded EM field 104 
into a raw image data cube 108. Raw image data cube 108 35 

may be in the form ofa 3D dataset (x,y,D(x,y),.)) where D(x, 
y,A) is the value of a modulated spectrum obtained at every 
(x,y) sample point that is located within a field of view of the 
optical system used to image the sample, i.e., every point 
included in the scene being imaged. Computer system 110 is 40 

configured to receive data including raw image data cube 108. 
In one embodiment of the invention, the computer 110 
includes a processor, memory, one or more output devices 
( e.g., a display, a printer, etc.), one or more input devices ( e.g., 
a keyboard, a mouse, etc.), and software stored in the 45 

memory, which when executed by the processor, is config
ured to process the raw image data cube 108. 

Computer system 110 may be further configured to process 
a plurality of modulated spectra D(x,y,A) and to extract a 
backscattered polarization profile of the sample. Thus, com- 50 

puter system 110 may convert the 3D dataset to a 2D image of 
the sample, a 2D spectrum of the sample, and a 2D polariza
tion profile of the sample, each of which may be output to a 
display. One of ordinary skill will understand that several 
different methods may be used to convert spectral informa- 55 

tion into polarization information according to known meth
ods of spectropolarimetery. For example, the modulation of 
the modulated spectrum may be converted to the values of the 
four Stokes parameters, Sa, S1 , S2 , S3 using Fourier analysis 
of the modulated spectrum. Furthermore, the data processing 60 

may include standard image mapping spectrometer remap
ping, and/or include mapping from image sensor pixel 
directly to wavenumber k. The processing may also include 
techniques for compensating dispersion in the system. In 
addition, one of ordinary skill will understand that data pro- 65 

cessing may be accomplished via hardware that may be inte
grated into image mapping spectrometer 106. 

One of ordinary skill will understand that the relative 
arrangement of the fast and slow axes of the first and second 
retarders as well as the relative arrangement of the transmis
sion axis of the polarizer may differ from the relative arrange
ment disclosed herein without departing from the scope of the 
present invention. One of ordinary skill will understand that 
many different methods and systems may be used to encode 
the polarization state of emitted field 118. In accordance with 
one or more embodiments of the invention, the retarders 208 
and 210 may be replaced with bi-refringent prisms that 
encode the polarization state within the wavefront of emitted 
EM field 118 rather than in the spectrum of emitted EM field 
118. In this case, the bi-refringent prisms may be preferably 
positioned before the polarizer, in an image plane or a conju
gate space. Alternatively, a pair Savart plates may be used in 
place of retarders 208 and 210 to encode the polarization state 
of emitted EM field 118. The Savart plates may be preferably 
positioned in a pupil or its conjugate position. Savart plates 
are the Fourier equivalent to the birefringent prisms but have 
advantages in terms of aberration correction over the birefrin
gent prisms. 

Polarization-encoded EM field 104 includes 2D spatial 
information, related to the (x,y) reflectivity of the sample, 
encoded across the spatial extent of the polarization-encoded 
EM field 104. The polarization-encoded EM field 104 further 
includes polarization information encoded within its fre
quency spectrum. The polarization information is related to 
the polarizing nature of the sample or scene being imaged. 

One of ordinary skill will understand that any known spec
tropolarimeter geometry may be used without departing from 
the scope of the invention. 

FIG. 3 shows a schematic view of an image mapping spec
trometer in accordance with one or more embodiments of the 
invention. Image mapping spectrometer 300 includes focus-
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ing lens 304, image mapper 306, dispersing reimager 308, 
and detector array 310. Image mapping spectrometer 300 is 
configured to receive polarization-encoded EM field 104 
originating from spectropolarimeter 202 and to map, spec
trally disperse, and reimage polarization-encoded EM field 
104 onto detector 310. 

Focusing lens 304 is configured to focus polarization-en
coded EM field 104 at image mapper 306, thus, forming an 
image 312 of sample 116 at the image mapper 306. Image 
mapper 306 is configured to redirect, or map, a plurality of 
portions of the image 312 to a plurality of locations on the 
front surface 420 of dispersing reimager 308. For clarity, only 
3 mapped image portions, 314, 316, and 318, represented by 
single rays, are represented in FIG. 3. Dispersing reimager 
308 is configured to collect and spectrally disperse mapped 
image portions 314, 316, and 318 thus creating spectra 320, 
322, 324. For clarity, FIG. 3 shows the spectral dispersion that 
would result if each of the image portions 314, 316, and 318 
included only two distinct wavelengths. Furthermore, dis
persing reimager 308 is configured to reimage spectra 320, 
322, and 324 onto detector 310. Detector 310 may include a 
2D array of EM radiation detectors, for example in the form of 
a charged coupled device (CCD) chip or and array of CCD 
chips. 

FIG. 4A shows a schematic view of an image mapper in 
accordance with one or more embodiments of the invention. 
The image mapper 306 includes eight elongated reflective 
surfaces 1-8. Each reflective surface 1-8 is oriented according 
to rotation angles (8y,8x) about they and x axes, respectively. 
Thus, each reflective surface 1-8 may redirect, or map, a 
portion of image 312 to a location on the front surface 420 of 
dispersing reimager 308, as shown in FIG. 3. Image mapper 
306 shown in FIG. 4A includes four distinct angles for the 
eight reflective surfaces arranged in two repeating groups 
401. 

FIG. 48 shows a schematic view of the front surface 420 of 
dispersing reimager 308 in accordance with one or more 
embodiments of the invention. Front surface 420 may be 
divided into four regions 402, 404, 406, and 408. Each region 
receives a portion 1'-8' of image 312 that has originated from 
a reflective surface having one of the four distinct angles. 
Region 402 corresponds to image portions 1' and 5', which 
originate from reflective surface 1 and 5, respectively, each 
having the same tilt of (8yu8x1). Region 404 corresponds to 
image portions 4' and 8', which originate from reflective sur
face 4 and 8, respectively, each having the same tilt of (8y2 , 

8x1). Region 406 corresponds to portions image 2' and 6', 
which originate from reflective surface 2 and 6, respectively, 
each having the same tilt of ( 8 yl, 8 x 2 ). Region 408 corresponds 
to image portions 3' and 7', which originate from reflective 
surface 3 and 7, respectively, each having the same tilt of 
(8y2,8x2)· 

6 
tions of the image 312) on front surface 420 of dispersing 
reimager 308 are needed for reimaging onto the detector. This 
may result in smaller, less complicated reimaging optics and 
smaller, less complicated detectors when compared to image 
mappers that do not employ angle grouping. 

One of ordinary skill in the art will understand that the 
image mapper may be a refractive or diffractive optical ele
ment rather than a reflective optical element without depart
ing from the scope of the disclosure. Furthermore, any optical 

10 element known in the art that can induce a suitable angular 
deflection in the path of a beam of EM radiation may be used. 
For example, prisms may be used induce the deflection or 
optical fibers or any other suitable waveguide may be used to 

15 
redirect the image to the dispersing reimager. 

Furthermore, an image mapper may include dynamic com
ponents to allow for dynamic operations, for example optical 
zoom. For example, dynamic microelectromechanical sys
tem ("MEMS") mirror arrays may be used in place of the 

20 static mirror surfaces disclosed above. In addition, liquid 
crystal modulators or micro fluidic based refractive liquid 
modulators may be employed. 

Furthermore, one of ordinary skill in the art will recognize 
that a telescope or beam expander (not shown) may be option-

25 ally inserted into image mapping spectrometer 106, for 
example, in front of focusing lens 304 in order to preserve the 
image resolution by matching the size of the image point 
spread function (the diffraction limited spot size) with the 
width of a single reflective surface 1-8 of the image mapper 

30 306. In another embodiment of the invention, the beam 
expander may be configured to be telecentric in both image 
and object space. 

FIG. 5 shows a schematic view of a dispersing reimager in 
accordance with one or more embodiments of the invention. 

35 For clarity, only three mapped image portions, 314, 316, and 
318, represented by groups of three rays each are depicted. 
Dispersing reimager 308 includes collecting lens 502, disper
sive element 504, and reimaging lens array 506. Collecting 
lens 502 is configured to collimate mapped image portions 

40 314, 316, and 318. Dispersive element 504 is configured to 
spectrally disperse the collimated mapped image portions 
314, 316, and 318. Dispersive element 504 may include any 
optical element known in the art having dispersive character
istics, for example, a single prism or diffraction grating. Fur-

45 thermore, dispersive element 504 may include of an array of 
prisms or diffraction gratings. For clarity, only two sets of 
dispersed rays are shown in FIG. 5 as would be the case for 
mapped image portions including only two spectral compo
nents. As shown in FIG. 5, the dispersive element 504 is 

50 configured to spatially separate the spectral components of 
collimated mapped image portions 314, 316, and 318 to form 
image mapped spectra 508, 510, and 512. Reimaging lens 
array 506 is configured to reimage image mapped spectra One of ordinary skill in the art will understand that image 

mapper 306 may be fabricated with any number ofreflective 
surfaces having any number of angles or sizes and may be 55 

grouped or ungrouped according to angle. In general, 
example M x-angles and Ny-angles result in MxN distinct 
image mapper surfaces that map to MxN distinct regions on 
front surface 420 of dispersing reimager 308. However, by 
using M x-angles and Ny-angles that are grouped in L repeat
ing groups, a system having MxNxL distinct image mapper 
surfaces that map to only MxN distinct regions on front 
surface 420 of dispersing reimager 308 is possible. For 
example, according to the embodiment shown in FIGS. 
4A-4B, M=2, N=2 and L=2. Thus, eight distinct image map
per surfaces are available for image mapping but only four 
distinct regions ( each region receiving a pair of mapped por-

508, 510, and 512 onto detector plane 514. 
One of ordinary skill in the art will recognize that a tele-

scope or beam expander (not shown) may be optionally 
inserted into dispersing reimager 308, for example, between 
collecting lens 502 and dispersive element 504 in order to 
adjust the spatial extent of collimated mapped image portions 

60 314, 316, and 318 in order to match the spatial extent of the 
reimaging lens array 506, as necessary. Furthermore, one of 
ordinary skill in the art will recognize that dispersive element 
504 may include dynamic or tunable dispersers that enable 
optical zooming of spectral (and, thus, depth) ROis. Further-

65 more, one of ordinary skill in the art will recognize that the 
individual elements of the dispersive imager 308 may be 
reordered, without departing from the scope of the invention 
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as disclosed herein. For example, reimaging lens array 506 
may come before dispersive element 504. 

FIG. 6 shows a schematic view of an image mapping spec
tropolarimeter 601 in accordance with one or more embodi
ments of the invention. The image mapping spectropolarim
eter 601 may be employed as part of the system for image 
mapped spectropolarimetry as shown in FIG. 1. The image 
mapping spectropolarimeter 601, includes focusing lens 600, 
spectropolarimeter 202, field lens 602, refractive image map
per 604, dispersing reimager 606, and detector 608. Further- 10 

more, detector 608 may include a 2D array of photo-detec
tors, for example in the form of a CCD chip or and array of 
CCD chips. 

Focusing lens 600 is configured to focus polarization-en
coded EM field 104 at refractive image mapper 604, forming 15 

an image 612 of sample 116 at the refractive image mapper 
604. Field lens 602 is configured to preserve high optical 
throughput and compactness of the image mapping spec
tropolarimeter 601 by re-imaging the exit pupil 603 of focus
ing lens 600 onto dispersing reimager 606. Refractive image 20 

mapper 604 is configured to redirect, or map, a plurality of 
portions of image 612 to a plurality of locations on the front 
surface 620 of dispersing reimager 606. For clarity, only three 
mapped image portions, 614, 616, and 618, represented by 
single rays are represented in FIG. 6. Field lens 602 is located 25 

in close proximity to refractive image mapper 604, thus, 
facilitating the redirection of mapped image portions 614, 
616, 618 to the dispersing reimager 606 over a relatively short 
distance without the need for a bulky large diameter collect
ing lens ( e.g., collecting lens 502 shown in FIG. 5). Dispers- 30 

ing reimager 606 is configured to collect and spectrally dis
perse mapped image portions 614, 616, and 618 thus creating 
spectra 621, 622, 623. For clarity, FIG. 6 shows the spectral 
dispersion that would result if each of image portions 614, 
616, and 618 included only two distinct wavelengths. Fur- 35 

thermore, dispersing reimager 606 is configured to reimage 
spectra 621, 622, 623 onto detector 608. 

8 
lenses 706. Field of view correctors 702 are configured to 
laterally shift the fields of view of each of reimaging lens 706 
to ensure that the dispersing reimager 606 is within the field of 
view of each reimaging lens 706. Dispersive elements 704 are 
configured to spectrally disperse the mapped image portions 
614, 616, and 618. Dispersive element 704 may include any 
optical element known in the art having dispersive character
istics, for example, a single prism, a prism pair or a diffraction 
grating. For clarity, only two sets of dispersed rays are shown 
in FIG. 7 as would be the case for mapped image portions 
including only two spectral components. As shown in FIG. 7, 
the dispersive elements 704 are configured to spatially sepa
rate the spectral components of mapped image portions 614, 
616, and 618 to form image mapped spectra 708, 710, and 
712. Reimaging lenses 706 are configured to reimage image 
mapped spectra 708, 710, and 712 onto detector plane 714. 

Furthermore, one of ordinary skill in the art will recognize 
that the individual elements of the dispersive imager 606 may 
be reordered, without departing from the scope of the inven
tion as disclosed herein. For example, reimaging lens array 
706 may come before dispersive element 704. 

FIG. 8 shows a perspective view of an image mapping 
spectropolarimeter in accordance with one or more embodi
ments of the invention. Image mapping spectropolarimeter 
800 includes spectropolarimeter 102, focusing lens 814 
image mapper 802, collecting lens 804, dispersive element 
806, and reimaging lens array 808. Spectropolarimeter 102 is 
configured to receive emitted EM field 118 that emanates 
from an output port of microscope 812. Spectropolarimeter 
102 is configured to modulate the spectrum of emitted EM 
field 118 according to the polarization state of emitted EM 
field 118, thus, creating polarization encoded EM field 104. 
Focusing lens 814 is configured to focus polarization encoded 
EM field 104 onto image mapper 802. Image mapper 802 is 
configured to redirect a plurality of portions of the polariza
tion encoded EM field 104 along multiple directions (not 
shown). Collecting lens 804 is configured to collimate the 
plurality of portions of a mapped image, similarly to that 
shown in FIG. 5. The plurality of portions of the mapped 
image are shown as a singe ray, for clarity. Dispersive element 
806 is configured to spectrally disperse (not shown) the plu-
rality collimated mapped image portions (not shown), simi
larly to that shown in FIG. 5. Dispersive element 806 may 
include any optical element known in the art having disper-

In accordance with one or more embodiments of the inven
tion, refractive image mapper 604 may include an array of 
prisms. Furthermore, refractive image mapper 604 may be 40 

manufactured using methods such as diamond raster fly cut
ting from a machinable optical material such as zinc sulfide. 
Furthermore, refractive image mapper 604 may be manufac
tured by ruling, injection molding, glass press molding, hot 
embossing, or any other method known in the art. 

In accordance with one or more embodiments of the inven
tion, the retarders 208 and 210 may be further separated from 
polarizer 212, allowing for polarizer 212 to be positioned in 
any optical space after the retarding elements. The preferred 
locations for polarizer 212 and retarders 208 and 210 are in 50 

the pupil spaces (i.e., collimated light regions). In addition, 
both retarders or just one may be used in the system. One 
element will provide a reduced number of stokes parameters. 

45 sive characteristics, for example, a single prism, prism pair, or 
diffraction grating. Furthermore, dispersive element 806 may 
include an array of prisms or an array diffraction gratings. 
Reimaging lens array 808 is configured to reimage image the 
plurality of mapped spectra onto detector array 810. 

In accordance with one or more embodiments of the inven
tion, an array of analyzers may be located on the detector 55 

surface, for example on the surface of detector 608 to deter
mine the polarization state of the image. The analyzers may 

As shown in FIG. 8, reimaging lens array 808 includes a 
five by five array of reimaging lenses. Thus, this system may 
be employed with, for example, an image mapper 802 having 
25 distinct mirror or refractor surfaces each with a distinct 
angle or, for example, may be employed with an image map
per 802 having 100 distinct mirror or refractor surfaces 
grouped in four groups having 25 mirror or refractor surfaces 
with distinct angles each. 

be arranged such that one point spread function would cover 
four pixels with each pixel including its own analyzer 
arranged at it own angle. 

FIG. 7 shows a schematic view of a dispersing reimager 
606 in accordance with one or more embodiments of the 
invention to be employed in a compact, high resolution image 
mapping spectrometer 601. For clarity, only three mapped 
image portions, 614, 616, and 618, are depicted. Dispersing 
reimager 606 includes an array of field of view correctors 702, 
an array of dispersive elements 704, and an array of reimaging 

FIGS. 9A-C show an example ofimage mapped spectropo
larimetry in accordance with one or more embodiments of the 

60 invention. FIG. 9A depicts scene 902 that may include, for 
example, trees 912, shadow 914, and hidden objects 916. 
Hidden objects 916 may further include, for example, 
vehicles or rooftops arranged so as to be barely visible due to 
low light levels or poor image contrast. An intermediate 

65 image of scene 902 may be image mapped in accordance with 
the description above with reference to FIGS. 1-8. In this 
embodiment, an image mapper is employed that includes 25 
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distinct reflective surfaces configured to produce a mapped 
image that includes 25 distinct image slices 1-25. 

One effect of the image mapping is to redirect or map these 
25 slices to 25 different sub-locations 1-25 on the front sur
face of, for example, a dispersing reimager as described in 
FIGS. 4, 5, and 7.Anexampleof25 distinct slices ofanimage 
located at 25 different sub-locations on the front surface of a 
dispersing reimager is shown in FIG. 98. Alternatively, a 
number L of grouped elements may be employed in the image 
mapper as described in reference to FIGS. 4A-48 which will 
result in Limage slices being present at each sub-location. 

It is useful to note that FIG. 98 may alternatively be inter
preted to depict the refocused image on the detector array if 
the dispersive elements were not present in the dispersing 
reimager. In this scenario, multiple image slices 1-25 would 
be separated on the detector by 25 non-illuminated or dark 
regions 904. The dark regions that separate the 25 image 
slices allow room for each slice to be spectrally dispersed by 
spatial separation of the spectral components of each point 
that makes up an image slice. Spatial separation of the spec
tral components occurs according to the description above in 
reference to FIGS. 2-8 along spectral separation directions 
906. 

Thus, the result of image mapping, followed by spectral 
dispersion and reimaging onto a detector array 910, is a 
plurality of modulated spectra 908, an example of which is 
shown in FIG. 9C according to one or more embodiments of 
the invention. Thus, each sub-detector ( or pixels in the case of 
a CCD) on the detector array measures the value of a modu
lated spectrum D(x,y),.) that originates from a specific point 
(x,y) on the sample. One of ordinary skill will understand that 
several different methods may be used to convert spectral 
information into polarization information according to 
known methods of spectropolarimetery. For example, the 
modulation of the modulated spectrum may be converted to 
the values of the four Stokes parameters, S0 , S1 , S2 , S3 using 
Fourier analysis of the modulated spectrum. Thus, one col
umn of the detector array contains the polarization informa
tion for one (x,y) point in the scene. Accordingly, one single 
acquisition event of the detector array is enough to acquire all 
the information necessary for a full 2D reconstruction of the 
sample. The full 2D reconstruction further includes a tradi
tional (based only on intensity of scattered or reflected EM 
waves) 2D image of the scene, a 2D spectrum of the scene, 
and a 2D polarization profile 918 of the scene. 

10 
rimeter 102 may be configured as shown in FIG. 2. Spec
tropolarimeter 102 is further configured to receive emitted 
EM field 118 and to modulate spectrum of emitted EM field 
118 according to the polarization state of emitted EM field 
118, thus, creating polarization encoded EM field 104. Focus
ing lens 1014 is configured to focus polarization encoded EM 
field 104 onto image mapper 1002. Image mapper 1002 is 
configured to redirect a plurality of portions of the polariza
tion encoded EM field 104 along multiple directions ( only 

10 five directions are shown). Collecting lens 1004 is configured 
to collimate the plurality of portions of a mapped image, 
similarly to that shown in FIG. 5. The plurality of portions of 
the mapped image are shown as a plurality of rays, for clarity. 
Dispersive element 1006 is configured to spectrally disperse 

15 (not shown) the plurality collimated mapped image portions, 
similarly to that shown in FIG. 5. Dispersive element 1006 
may include any optical element known in the art having 
dispersive characteristics, for example, a single prism, prism 
pair, or diffraction grating. Furthermore, dispersive element 

20 1006 may include an array of prisms or an array diffraction 
gratings. Reimaging lens array 1008 is configured to reimage 
image the plurality of mapped spectra onto detector arrays 
1010 and 1012. Dichroic beam splitter 1016 is configured to 
reflect EM waves having a first predetermined range of wave-

25 lengths and to transmit EM waves having a second predeter
mined range of wavelengths. For example, dichroic beam 
splitter 1016 may be configured to transmit mid-wavelength 
infra-red (MWIR) and to reflect long wavelength infra-red 
(LWIR). Thus, detector array 1012 may be optimized for 

30 detection of MWIR and detector array 1010 may be opti
mized for detection ofLWIR. Similarly to FIG. 9C, spectra 
may be dispersed along regions 1018 and 1020 of detector 
1012 and along regions 1022 and 1024 of detector 1010. 

One of ordinary skill will understand that any number of 
35 dichroic beam splitters may be placed at any number ofloca

tions in the system without departing from the scope of the 
present disclosure. For example, placing a dichroic beam 
splitter between image mapper 1002 and collecting lens 1004 
may allow for the use of multiple dispersing reimagers each 

40 optimized for a given spectral range. 
As shown in FIG.10, reimaging lens array 1008 includes a 

five by five array of reimaging lenses. Thus, this system may 
be employed with, for example, an image mapper 802 having 
25 distinct mirror or refractor surfaces each with a distinct 

45 angle or, for example, may be employed with an image map
per 802 having 100 distinct mirror or refractor surfaces 
grouped in four groups having 25 mirror or refractor surfaces 
with distinct angles each. 

The 2D spectrum of the scene shown on detector 910, and 
the 2D polarization profile 918 of the scene may be used to 
extract information from the scene not available in the tradi
tional 2D image of the scene. For example, information 
regarding the chemical makeup of different points on the 
scene may be extracted from the 2D spectrum. The 2D polar
ization profile 918 of the scene may be used to identify objects 
that may be hidden from view in the traditional 2D image of 
the scene. For example, EM waves emanating from hidden 
objects 916 may have a higher degree of polarization than 55 

their surroundings resulting in hidden objects 916 having a 
high contrast in 2D polarization profile 918, as shown in FIG. 
9C. 

FIG. 11 shows a flow chart describing a method in accor-
50 dance with one or more embodiments of the invention. While 

the various steps in the flowchart are presented and described 
sequentially, one of ordinary skill will appreciate that some or 
all of the steps may be executed in different orders, may be 
combined, or omitted, and some or all of the steps may be 
executed in parallel. 

In Step 1100, simultaneously receiving polarization-en
coded EM fields for a number of points on a sample during a 
single acquisition event. In Step 1102, re-directing the polar
ization-encoded EM fields along various pre-determined FIG. 10 shows a dual band image mapping spectropola

rimeter in accordance with one or more embodiments of the 
invention. The dual band image mapping spectropolarimeter 
includes collecting lens 114 spectropolarimeter 102, focusing 
lens 1014, image mapper 1002, collecting lens 1004, disper
sive element 1006, reimaging lens array 1008 dichroic beam 
splitter 1016, detector 1010 and detector 1012. Collecting 
lens 114 is configured to collect emitted the EM field 118 
emanating from a point on a sample or scene. Spectropola-

60 directions to the dispersing re-imager. In one embodiment of 
the invention, Step 1102 is performed by the image mapper. In 
Step 1104, the polarization-encoded EM fields are spectrally 
dispersed to generate spectra, where the spectra include one 
spectrum for each of the number of points referenced in Step 

65 1100. In Step 1106, re-imaging the spectra to various location 
on a detector. In Step 1108, detecting the re-imaged spectra on 
the detector. At this stage, a computer ( or other processing 
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device) uses the re-imaged spectra to generate 2D images 
based on the emitted EM wave intensity, spectral character
istic, and polarizing nature of the sample. 

One or more embodiments of the invention may provide an 
image mapped spectropolarimetry system that may acquire 
three simultaneous images based on intensity, spectral, and 
polarization information of a sample in a single acquisition 
event of the detector or detector array without the need for 
scanning of the system or the sample. One or more embodi
ments of the invention may allow for a ruggedized, spatially 10 

compact system without moving parts, thus reducing cost and 
increasing the utility in applications requiring small areas, 
such as endoscopy or demanding environments such as those 
found in military applications. One or more embodiments of 
the invention allow for high speed acquisition of the intensity, 15 

spectral, and polarization based 2D images, thus reducing 
artifacts caused by sample motion. One or more embodiments 
of the invention allow for an increased signal-to-noise ratio 
over existing spectropolarimetry systems by increasing the 
fraction of time during image acquisition that is devoted to 20 

light collection and by increasing optical throughput through 
the system. 

One of ordinary skill will appreciate that image mapped 
spectropolarimetry may be employed with any known form 
of spectropolarimetry and is not limited simply to the 25 

embodiment of chamieled spectropolarimetry disclosed 
herein. 

While the invention has been described with respect to a 
limited number of embodiments, those skilled in the art, 
having benefit of this disclosure, will appreciate that other 30 

embodiments can be devised which do not depart from the 
scope of the invention as disclosed herein. Accordingly, the 
scope of the invention should be limited only by the attached 
claims. 

12 
3. A system, comprising: 
an image mapper configured to, during a single acquisition 

event: 
receive a plurality of polarization-encoded electromag

netic (EM) fields from a plurality of points on a 
sample comprising a first polarization-encoded EM 
field for a first point and a second polarization-en
coded EM field for a second point; 

redirect the first polarization-encoded EM field along a 
first pre-determined angle to a first location on a dis
persing re-imager and the second polarization-en
coded EM field along a second pre-determined angle 
to a second location on the dispersing re-imager; 

the dispersing re-imager configured to: 
spectrally disperse the first polarization-encoded EM 

field to obtain a first spectrum; 
re-image the first spectrum on to a first location on a 

detector; 
spectrally disperse the second polarization-encoded EM 

field to obtain a second spectrum; 
re-image the second spectrum on to a second location on 

the detector; 
the detector configured to: 

detect the first re-imaged spectrum and the second re
imaged spectrum. 

4. The system of claim 3, further comprising: 
a spectropolarimeter configured to generate the plurality of 

polarization-encoded EM fields and provide the plural
ity of polarization-encoded EM fields to the image map
per. 

5. The system of claim 4, wherein the spectropolarimeter 
comprises a first retarder and a second retarder, where a slow 
axis of the first retarder is oriented at a 45-degree angle 
relative to a slow axis of second retarder about an optical axis 

What is claimed is: 35 of the spectropolarimeter. 

1. A method for imaging a sample, comprising: 
during a single acquisition event: 

receiving a plurality of polarization-encoded electro
magnetic (EM) fields from a plurality of points on the 
sample comprising a first polarization-encoded EM 
field for a first point and a second polarization-en
coded EM field for a second point; 

redirecting the first polarization-encoded EM field along 
a first pre-determined direction to a first location on a 
dispersing re-imager and the second polarization-en
coded EM field along a second pre-determined direc
tion to a second location on the dispersing re-imager; 

spectrally dispersing the first polarization-encoded EM 
field to obtain a first spectrum; 

re-imaging the first spectrum onto a first location on a 
detector; 

spectrally dispersing the second polarization-encoded EM 
field to obtain a second spectrum; 

re-imaging the second spectrum onto a second location on 
the detector; and 

detecting the first re-imaged spectrum and the second re
imaged spectrum. 

2. The method of claim 1, wherein the first polarization
encoded EM field comprises a plurality of EM fields emanat
ing along a z-direction in the sample for the first point. 

6. The system of claim 5, wherein the spectropolarimeter 
further comprises a polarizer, wherein a transmission axis of 
the polarizer is parallel to a fast axis of the first retarder. 

7. The system of claim 3, wherein the image mapper is 
40 refractive. 

8. The system of claim 7, wherein the dispersing re-imager 
comprises an array of field of view correctors configured to 
receive the plurality of polarization-encoded EM fields from 
the image remapper and to shift each of the plurality of 

45 polarization-encoded EM fields to obtained a plurality of 
shifted polarization-encoded EM fields. 

9. The system of claim 8, wherein the dispersing re-imager 
further comprises an array of dispersive elements configured 
to receive the plurality of shifted polarization-encoded EM 

50 fields and to spectrally disperse each of the plurality of spectra 
comprising the first spectrum and the second spectrum. 

10. The system of claim 9, wherein the dispersing re
imager further comprises an array of reimaging lenses con
figured to the plurality of spectra and to re-image the plurality 

55 of spectra on to the detector. 
11. The system of claim 3, wherein the detector comprises 

a two-dimensional (2D) array of EM radiation detectors. 
12. The system of claim 11, the detector is a charged

couple device. 

* * * * * 


