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This paper reports activities in the development of AOTI Polarimetric
Hyperspectral imaging (Pill) systems at JP1. along with ficld observation results
for illustrating, the technology capabilities and advantages in remote sensing. in
addition, the technology was also uscd to measure thickness distribution and
structural imperfections of silicon-on-silicon wafers using white light interference
phenomenon for demonstrating the potentialin scientific and industrial
applications.

Introduction

The noncollinear acousto-optic tunable filter (A OT}) was invented by 1. C.
Changl. Tunctionally, the AOTI is a real-time programmable high-resolution
spectral bandpass filter with polarization beamsplitting  capability.  with proper
optics and focal plane arrays, onc can build a polarimetric hyperspectralimaging,
(P111) system capable of measuring spatial, spectral, and polarizat ion
characteristics ofa target with a single instrument.

We developedan AOTE-PI1 | prototype system operating in @awavelength range of
0.48-0.-/5 microns? and did a number of outdoor ficld experiments which
demonstrated unique advantages of using AOTEF-PH Il in remote sensing
applications. In addition, we investigated the potential applications of the AOTY
technology inthe non-remote sensing areas, specifically, inthe area of
semiconductor materials characterization.




3.1

Currentl y, we arc in the process to develop an AOTE-PH1 | protot ype system
operating inthe shorl-wave infrared range of 1 .2-2.4 micron with the objective to
demonstrate the technology capability from an airborne plat form for USA SS1)C.

Ground Prototype System

The 1)111 system contains an optical subsystem, two integrating CCI) cameras, a
R1" generator and a power amplifier, a PC computer for control and data
acquisition,and monitors. The unique part of the system is the optical
configuration as illustrated in Figure 1.

The system contains a 3inch aperture, zoom telelens set with variable focal length
of 80-200 mm as the objective lens; anaperture located at the objective lens
image plane for allowing only photons from the desired scene to pass though; a
collimating lens to create an intermediate pupil plane whose cross section is
comparable with that of the AOT} locating at the pupil plane; a ficldlens to
create adequate beam diversion for imaging at the cameras, and two cameras for
recording two polarized images simultancously.
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Figure 1. 1 .eft: Schematic diagram of the system optical configuration
Right: Photo of the optical system without the cover.

R('mole Sensing Results

Kield Observations at ¥t. Huachuca, AZ

Figure 2 gives agrayscale image of the scene taken by an ordinary 35 mm camera.
The scene contained a variety of typical southern Arizona plants and a small
number of Army facilities. The obscrvation condition and data processing
techniques were given in a previous papcr3. In this report, the important
obscrvations are given. ‘1 ‘here was a reflection reference plate of BaSOy
obscrvable as a small bright rectangular object in the upper left part of the picture,



that was used for intensity normalization. The distance between the plate and the
instrument was about 3.6 km. The observation was carried at the noon time of a
sunny day. The atmosphere was clear with observable haze only whenone
looked at distant objects. The instrument directed at the north with 12 degrees off
to the cast.

3.J. 1 Results

1.1.1.1 Vegetation Signatures

Figure 3 gives a spectral image of the scenc at 0.67
num at which the chlorophyll absorption is at
maximum. Consequently, oak trees appeared to be
dark, whereas mesquites were in gray. in general,
al dark and gray arcas were related to vegetation.
The bright areas contained mainly dry grass and
bare soil. Figure 4 gives reflected intensity spectra
of oak and mesquite located in the lower left part
of the scene, illustrating that the reflectance of oak
is considerably lower than that of mesquite in the
0.62-0.69 jim wavelength range, consistent with
the observed image.
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Figure 2. Grayscale image of
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Iigure 4. Reflectance spectra of oak
and mesquite with horizontal
Figure 3. Spectral image at polarization.
0.67 pum.

The observed spectra also show a sharp rise in the reflectance between 0.69 and
0.73 mm, due to chlorophyll, illustrating an effective way to map vegetation using
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spectral derivatives. Yigure 5 gives a spectral derivative image Of the scenc at
0.71 pm. Hare ground and dry grass are oflen bright objects in the intensity
image. Because of lack of chlorophyll, they become dark in this wavelength
range. The brightness in the spectral derivative image mainly relates to |eaf
chlorophyll  concentration. Therefore, the spectral derivative image is aneffective
approach for monitoring health state and stress response in vegetation.

2.1.1.2 Polarization Sign atures

Polarization IS an important parameter for
analyzing signatures of objects obtained from a
remote sensing instrument. The AOTE system
provides two spectral image set with linear
polarization directions orthogonal to each other.
‘1 'he data reported here were taken with
polarization parallel and perpendicular to the
ground. S0 we defined the measured polarization
tobe (1, - 1,)/(1, 111)) wherely and I are
intensities at a same pixel of vertical and
horizontal polarization images, respectively.

Figure 6 gives measured polarization specti a of
oak, mesquite, and a unknown tree for illustrating
some interesting, spectral polarization features of
tree leaves.

Figure S. Spectral derivative

It iswell known that vegetation has polarization image of the scene a 0.71pm
signatures. The datain Figure 7 have revealed that  With horizontal polarization.
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2.1. 1.2 Target Detection

This polarization image has an inverse triangular
dark pattern at the location lefl from the center of
the scene. The pattern was composed scveral
different objects. Fach object has its own spectral
dependence. Around 0.56 mm, they appealed
together as the observed patlern.

In the color picture taken by a 35 mm camera, the
top corresponding part of the observed patternisa
mall diamoncl-shape open area surround by the
brushes. lowever, in the enlarged polarization
image of Figure 8, only the brushes at the left had
normal vegetation polarizationsignal. 1 ‘be]'c Were
two short dark line segments along the ‘brush’ edges
at the upper, right, and lower sides of the open area.
The darkness of the line segments indicated strongly
that their origin must be some materials different
from those of the vegetation. The neighboring area
at the upper, right, and lower parts of the segments was also darker in comparison
with the brush signal. ‘These observations suggest
that the line segments and some of their surrounding
were man-made objects.

Figure 7. Spectra] polariization
image at 0.56 .

in the color image, the rest of the target appeared to
be bright green trees with two separated green
spherical objects. in the polarization picture, the
spherical objects were very dark dots with a dark
line between them forming a dumbbell pattern. The
dumbbell pattern islikely to be a man-made object.
in addition, in the polarization picture, the image of
tbe ‘green tree’ arca was composed with several
broad horizontal gray line segments arranged in the
shape of aninverted acute triangle.

These contradicting, observations between the color
and spectral polarization images, wc concluded that
wc detected a camouflaged target area, A detailed
observation at the enlarged picture provided a Figure 8. Yinlarged positive
verification that the ‘green tre€” was green (ubper) and negative (1 owcl)
camouflage nets covering unknown objects and
neighboring treetops. The detection was mainly
duc to the spectral polarizationimag ing capability of
tbc AOTF-PHI system. It ought to note that the lower part of the pattern was also

images of the pattern.



observable in spectral images of green wavelengths,  flowever, the spectral
polarization data provided the evidence for the determination of the target being
camouflaged.

3.1.1.4 Aerosol Scattering Effects

‘»

The existence of atmospheric bounclary-layer aerosols affects the magnitude,
shape, and polarization of the spectra. The effects become substantial in the
observation of distant objects, The measured differences in intensity, spectrum,
and polarization due to the distance can provide important information about the
aerosol. Using spectral and polarization data of two oak trees located at different
distances from the instrument, we obtained the wavelength dependence of the
scallering inthe air a the observation site, from which one can obtain a smooth
inverted wavelength power function, normally used to characterize light scattering,

in the atmosphere.  More information on this subject was given previoudly.’

Mine Detection in An Iceplant Ficld 4

Figure 9 gives agrayscalc image of aniceplant field scene with a group of targets
of interest whose locations were indicated in asketch at the right. The targets
included seven inactive mines: one green square plastic (1), two green round
metallic (A and C), two dark greenround metalic (G and 11), and dark brown
round metallic (1 and J). Some mines were placed on the top of the implant and
some were pushed into theiceplant field so that only a portion of’ the target was
visible. in addition, there were two partially observable cement blocks (Bandli),
and one buried white plastic pipe with one foot length being observable (I). The
iceplant ficld was a mixture o { healthy and dead iceplants with uncven
distribution. In addition, portions of healthy iceplants were in blossom with
orange flowers. Thisarrangement did provide an interesting challenge for
testing the system capability.

The right upper comer of the scene were a pile of metallic sheets and parts whose
images were removed during the data analysis so that we can obtain abetter
dynamicrange in the area of interest. 'I'wo Halon plates (K and 1.) of the
l.ambertian surface reflectance over the instrument wavelength range were also
placed in the scene for intensity normalization among different wavelengths,
‘Jhc.1'111 system was on the top of asmall hi]] andlooked at the arca with a
downward angle of about 30 degrees and directed at 210 degrees south. The
observation was carried out at the noon. The iceplant field was located about 40
meter away from the systemand onasmall plateau of the hill. The weather was
sunny with typical 1 .0s Angles basinsmog inJune.
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Figure 9. 1 .eft: Iimage Of the iceplant ficld taken with an ordinary camera.

Right: Sketch of locations of objects of interest in the iceplant field,

After image processing, we found
that al the minesin the polarization
difference images at the green
wavelength range appeared as
bright spots, whereas other objects
were more difficult to be seen, as
illustrate in Figurel0.

Figure 10. Polarization difference
image at 0.55 micron illustrating that
mines appear to be bright spots,

Non-remote Sensing
Applications

Characterization of Silicon-On-Insulator (sol) Wafers©

We successfull y demonstrated the use of 1'11 1 10 measure white light interference
at the sample as a non-invasive characterization tool for SOl wafers. The samples
were silicon-on-silicon wafers manufactured by subsidiaries of Hughes and 1BM.
Theresults haveillustrated the 1111 capability of providing high-resolution
thickness maps of both Si and oxide layers with high accuracy and observing
optically active imperfections and distributions in the SO1 structure.

Each point on the wafer has its own interference spectrum plus al>C background.
The DC component was removed for obtaining the interference amplitude
spectrum (Figurc11). By comparison of the spectrum with the result froman
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thickness maps for silicon and oxide  7ox: 10122 e
layers at one sampled area as well as Figure 11. Comparison of theoretical and
the cqrrelatlon factor betweenthe experimental inter ference spectra for obtaining
experimental spectrum and that the thickness of Siand oxide layers.

predicted by the model. The means
and standard deviations of silicon and oxide thickness and the correlation factor

arc shown at the lower part of the figure. The black spot in the correlation image
was a serious structure imperfection.
Silicon Correlation
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Figure 17, Silicon and oxide
thickness distributions
obtained from whitelight
inter ference images as well
as the correlation factor
distribution of modcl
prediction and measured
data. The black spot in thc
corrclation image reveals a
serious structure
imperfection at the location.
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Mean 7[)64 nm 10147 nm 0.9821
Stdev 590 nm 345 nm 0.0046
(2 96%) (0 24%) (0.46%)

4.2 Microscopic 1'111

An optical connection between the
PHI system and a microscope was
successfully made. This allowed us
to obtain PHIimages of small objects

commonly observed only under a m ‘
microscope. Figure 15 gives a pair of po’pd‘)dqlq » F‘?,“‘C,* )
images on a flcld-effect transistor in paaizalion - paizalion
an integrated circuit chip at two ?'igurc 13. ?’Ill.un ages of a 1"1&:[' d.cvxcc in a
. - integrated circuit chip at 0.685 micron. The
orthogonal polarization conditions. dimension of theline width wasabout 5
microns.
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Brief Description of 1.2-2.4 Micron Infrared
Airborne Prototype System

Weare developing a 1.2-2,4 jum, shorl-wave in ftrared P 11 prototype system for
USASSDC. After successful ground tests, the prototype system will be flown on
the ASETS C-1 30 plane based at the Fglin Air I'orce Base. The instrument will
be mounted in the turret assembly and will observe sclected targets on the ground.

The instrument will have one cooled focal plane array of 11gCdl'e, manufactured
by Rockwell. A specially designed optical configuration currently during
manufacturing will be used in the system. The configuration allows the system to
record sSimultaneously two polarization images side by side on the focal plane
array. This approach is an economic approach, because of high cost of the focal
plane array.

The system was designed to be a real-lime instrument that will be able to collect
an image cube datain scc.ends.

Thesystemwilluscale(), AOTI designed and manufactured by Aurora
Associates.

Important spectral features in this wavelength range

Two major absorption bands due to 1,0 and COz inthe A tmosph ere

There arc two major absorption bands centered at 1.4 and 1.9 micron due to water
and carbon dioxide molecules in the atiosphere. No useful solar radiation are
available within the wavelength ranges of these two bands.

Characteristic spectral signatures of man-made materials

Nowadays, textures and paints are often made of synthetic materials, originally
from petroleum products. These products often have characteristic spectral
absorption features located at 1.7 and 2.3 microns. These two absorption bands
occur in the atmosphere windows and are observable remotely. According to
known spectra of organic materials, the spectral bands arc likely vibration spectral
Overtones of hydrocarbon polymers. Thercfore, they could occur in many
synthetic materials, such as paints, clothes, and plastic wares, as well as
camouflaged clothes and painted surfaces. The similarity shows that observation
of these spectral bands only implies detection of a man-made objecct, and not
necessarily detection of amilitary target. However, thisis a necessary
classification process for distinguishing man-made objects from natural
substances. Target shape and polarization properties could provide further
evidence for detectionand identification.



substances. Target shape and polarization propertics could provide further
evidence for detection and identification.
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