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A new instrumental approach for performing spectroscopic imaging mi- 

croscopy is described. The instrument integrates an acousto-optic tunable 

filter (AOTF) and charge-coupled-device (CCD) detector with an infin- 

ity-corrected microscope for operation in the visible and near-infrared 

(NIR) spectral regions. Images at moderate spectral resolution (2 nm) 

and high spatial resolution (1 /zm) can be collected rapidly. Data are 

presented containing 128 x 128 pixels, although images with signifi- 

cantly larger formats can be collected in approximately the same time. 

In operation, the CCD is used as a true imaging detector, while wave- 

length selectivity is provided by using the AOTF and quartz tungsten 

halogen lamp to create a tunable source. The instrument is entirely solid 

state, containing no moving parts, and can be readily configured for both 

absorption and reflectance spectroscopies. We present visible absorption 

spectral images of human epithelial cells, as well as NIR vibrational 

absorption images of a hydrated phospholipid suspension, to demon- 

strate the potential of the technique in the study of biological materials. 

Extensions and future applications of this work are discussed. 

Index Headings: Instrumentation, imaging; Spectroscopic techniques; 

Near-infrared spectroscopy; Visible spectroscopy; Acousto-optics; Charge- 

coupled devices; Histology; Phospholipids. 

INTRODUCTION 

Spectroscopic imaging, the determination of spatially 
distributed and chemically distinct species in heteroge- 
nous materials, is a powerful analytical tool that has been 
applied to both macroscopic and microscopic imaging. 
Chemical imaging of large areas (> 20 km 2) is routinely 
performed with airborne and spaceborne remote-sensing 
imaging spectrometers. 1 On a smaller scale, nuclear mag- 
netic resonance techniques 2 are applied for whole-body 
diagnostic imaging. For investigation of the microscale, 
fluorescence microscopy 3,4 is an effective chemical state 
imaging tool, particularly when employing highly specific 
immunofiuorescent tags. Vibrational spectroscopic im- 
aging techniques, Raman 5 and infrared 6 microscopy, pro- 
vide widely applicable chemical selectivity without sam- 
ple preparation. 

Received 23 November 1991. 
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While the spectroscopic experimental requirements 
vary widely, two primary methods are employed for im- 
age generation. One method involves scanning of the 
sample systematically through a stationary field of view 
defined by the collection optics and detector. Alterna- 
tively, the imaging source (or detector) can be scanned 
in a raster pattern across the surface of the stationary 
sample. The scanning approach is utilized most often 
with single-element detection. Fourier transform infra- 
red (FT-IR) functional group imaging utilizing a mid- 
infrared microscope outfitted with an xy mapping trans- 
lation stage 7,s is one tool that employs the scanning 
method. The signal-to-noise ratio obtainable with this 
technique often requires signal averaging at each spatial 
position, making FT-IR microscopy an inherently slow 
technique. As a result, only crude spatial maps are often 
practical. Where signal is abundant-- in  laser scanning 
fluorescence microscopy, for example--high visual clar- 
ity images can be acquired in real time. 

Another image generation approach involves wide field 
illumination and viewing and is used where multichannel 
detection is feasible. The simplest implementation in- 
volves sample illumination with a broad-band visible 
source and direct viewing with a color video camera. The 
colorometric information is due to visible absorption of 
the sample. This approach is widely used in video mi- 
croscopy of biologics and materials. 9 Where greater spec- 
ificity and selectivity are required, optical filtering can 
be employed. For example, fluorescence microscopes fil- 
ter the light source to selectively excite within the ab- 
sorption band of the fluorescent label. Long-pass emis- 
sion filters are used to attenuate nonfluorescent reflected 
excitation energy as well as stray light prior to imaging 
with a sensitive camera. Multiple fluorescent labels can 
be used with dielectric filters, which provide several 
bandpass regions for detecting numerous spectral bands 
simultaneously. 1° The bandpass filter approach is ade- 
quate where relatively low spectral resolution (> 5 nm) 
is sufficient and broad tunability is unnecessary. Where 
both spectral tunability and rapid operation are desired, 
an acousto-optic-based system that has been developed 
for fluorescence spectroscopy 11 may also be applicable to 
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FIG. 1. Schematic representation of an AOTF crystal showing an rf 

frequency source and a traveling acoustic wave. The crystal facets are 
cut in such a manner that  the selected first-order beam exits the crystal 

approximately colinearly with the incident white light source, signifi- 
cantly easing alignment of the optical train. 

fluorescence imaging. In Raman and mid-infrared im- 
aging, moderate spectral resolution (< 1 nm) and broad 
tunability are obtained through a hybrid multichannel/ 
multiplex approach employing Hadamard transform 
spatial multiplexing22 

In this communication we describe an entirely solid- 
state, no-moving-parts approach to spectroscopic ira- 
aging. This novel technique integrates an acousto-optic 
filtered broad-band light source with an optical micro- 
scope and a high-dynamic-range, charge-coupled-device 
(CCD) detector for rapidly generating spectroscopic im- 
ages. With this system of moderate spectral resolution, 
spectral images of sub-micron spatial resolution having 
128 x 128 pixels are readily collected. 

THEORY 

Acousto-optic Filter. The principles and theory of op- 
eration of acousto-optic (A-O) deflection and modulation 
devices have long been established, 13-1~ although their 
use as spectroscopic filters or monochromators has been 
limited. Briefly, an acousto-optic tunable filter (AOTF) 
can be considered as an electronically tunable spectral 

bandpass filter which can operate from the UV through 
the visible and into the infrared regions of the optical 
spectrum. The filters function by the interaction of light 
with a traveling acoustic wave through an anisotropic 
medium. As shown in Fig. 1, an acoustic transducer is 
bonded to one end of a crystal, while an acoustic absorber 
is bonded to the other. The transducer converts a high- 
frequency rf signal of frequency [a into a pressure wave 
which propagates laterally through the crystal with a 
velocity Va. The acoustic absorber at the opposite end of 
the crystal serves to eliminate acoustic reflections which 
corrupt the primary acoustic waveform. The diffracted 
wavelengths are self-selected within the A-O crystal to 
satisfy the momentum conservation between the incident 
ki and diffracted kd photon wave vectors and the acoustic 
wave vector k, as described by 

kd = ki + ko. (1) 

Optical tuning, achieved by changing the rf frequency 
[a, is given by 

Xo = vo(ne  - n o ) a l f a  (2) 

where ne and no are the refractive indices of the extraor- 
dinary and ordinary wave, respectively, and a is a pa- 
rameter depending upon the design of the AOTF. The 
acoustic wave may be considered the means for gener- 
ating a transmission grating within the optical crystal. 
Instead of varying the angle of the incident beam, as 
would be the case for a normal diffraction grating in order 
to achieve wavelength selectivity, one varies the fre- 
quency of the electrical drive signal, allowing light of '  
different wavelengths to be diffracted at the same angle. 
Hence, with a fixed orientation of the crystal and the use 
of an rf generator, a tunable optical source is readily 
created from a broad-band source. An additional and 
very powerful feature of the AOTF stems from the ability 
to control the intensity of the diffracted beam by varying 
the amplitude or the amount of rf power applied to the 
crystal. This approach can also be used to rapidly mod- 
ulate, or chop, the filtered source for lock-in detection 
schemes. 

The AOTF crystal used in the present experiments 
was constructed from tellurium dioxide (TeO2); the rf 
frequencies varied from 40 to 170 MHz, for wavelength 
operation between 400 and 1900 nm. The device has a 
resolution of approximately 2.5 nm and an achievable 
tunability of approximately 0.1 nm with a wavelength 
repeatability of better than 0.05 nm. Te02 may be used 
to design AOTF devices from approximately 500 to 5500 
nm. For any given crystal, the resolution is fixed but may 
be varied by changing the acousto-optic interaction dis- 
tance at the time of manufacture. The devices are en- 
tirely solid state, containing no moving parts, and may 
be considered to be random-access filters where tuning 
from one wavelength to another is achieved in the time 
it takes for the acoustic wave to propagate the full length 
of the crystal, typically 5 us. 

AOTF Principles in Imaging Spectroscopy. The AOTF 
imaging spectrometer may be used in one of two ways. 
The more straightforward approach is specific to ab- 
sorption spectroscopy and is the method employed in 
this work, while the second method may be applied to 
both absorption and emission spectroscopies. 

In the first approach, the filter is used as a narrow 
bandpass filter and is placed directly in front of a broad- 
band source. In this way only light of the selected wave- 
length is transmitted for subsequent interaction with the 
sample before being imaged by a focal plane array de- 
tector. In the second scheme, a broad-band source may 
be allowed to impinge on the sample, while the AOTF 
is placed in front of the imaging detector. This second 
method has been discussed with reference to fluorescence 
imaging, 11 but is also suited to Raman imaging tech- 
niques. An advantage of source filtering, particularly for 
absorption spectroscopic studies of biological materials, 
is the greatly reduced optical power densities incident 
on a sample. These reduced power densities have the 
effect of minimizing both the thermal and photochemical 
degradation of the sample. 16 
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FIG. 2. A pictorial view of the typical data set acquired by the imaging spectrometer. In the upper panels, the data are presented as a series of 
stacked images at sequential and discrete wavelengths, which represents the format in which data are actually collected. In the lower panels a 
series of transmission values are extracted from different images at  two fixed but  different image coordinates, therefore depicting the absorption 
spectra of two spatially and chemically distinct regions of the sample. 

When used as a tunable source, the A-O filter method 
of data acquisition is straightforward. The filter sweeps 
through hundreds of nanometers at predetermined wave- 
length intervals, recording one frame with the focal plane 
array detector at each wavelength interval. Hundreds or 
even thousands of frames may be collected, where a full 
data set may readily comprise many megabytes of data. 
As modeled in Fig. 2, the data are considered either as 
separate sample images at different wavelengths or as a 
series of individual absorption spectra for each pixel el- 
ement in the image. Alternatively, the AOTF may be 
tuned to various wavelengths corresponding to known 
absorption maxima, while numerous spectral frames can 
be collected at each specified wavelength. These frames 
may be collected rapidly over a period of several seconds 
or far more slowly over time frames extending to hours 
or days. Images may be constructed that yield infor- 
mation on both the spatial and temporal properties of a 
sample with respect to highly selective spectroscopic 
markers. 

EXPERIMENTAL PROCEDURES 

Figure 3 is a schematic of the A-O filtered spectro- 
scopic microscope. The system integrates a visible/near- 
infrared tellurium dioxide (TeO2) AOTF (Brimrose 
TEAF-.6-.1.2L) with a research-grade, infinity-correct- 
ed, metallurgical microscope (Olympus BH-2). The mi- 
croscope employed 10 x (N.A. 0.30) and 20 × (N.A. 0.46) 
plan achromat objectives and a 2.5 x projection eyepiece 
for image collection, magnification, and presentation to 
the detector. Image detection is provided by a low-noise, 
high-dynamic-range (16 bits) CCD (Spex Spectrum One) 
having 576 × 384 pixels, each 20 um square. The detector 
is cooled to cryogenic temperatures ( -  140°C) with liquid 
N2. 

In operation, the AOTF is used to spectrally filter a 
collimated and stabilized 50-W quartz tungsten halogen 
light source (Newport 780). Collection and collimation 
is performed with an f/1 quartz lens. Under computer 
control, individual wavelengths are selected with digital 
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FIG. 3. Schematic diagram of the imaging spectrometer optical train. 
The figure shows the arrangement of the modified microscope with 
respect to the AOTF illumination scheme for both transmission and 
reflectance measurements, as well as the relative positions of the CCD, 
video camera, and point detector. 

precision to yield approximately monochromatic light 

from the broad-band visible/near-infrared source. The 
(+) diffracted order of the AOTF is selected with an 
aperture which simultaneously blocks the fundamental 
beam as well as the ( - )  diffracted order light. The (+) 
and ( - )  diffracted orders differ only in polarization and 
deflection angle. Theoretically the ( - )  order could be 
combined with the (+) order beam for a 2 × increase in 
illumination intensity. The apertured beam is directed 
by a swing-away mirror to either the transmission port 
or the epi-illumination reflectance port of the micro- 
scope. The choice of transmission or reflectance opera- 
tion depends on the sample opacity. In transmission, an 
Abbe condenser provides Koehler illumination. 

Prior to imaging of the sample, microspectroscopy must 
often be performed for unknown materials to provide 
survey spectral characterization. Microspectroscopy is 
performed by selectively illuminating the region of in- 
terest with the tuned light source through a small ap- 
erture, and detection is performed with a single-element 
photodiode. In this manner the instrument acts as a mi- 
croprobe. While the A-O spectroscopic microscope does 
provide point spectra, operation of the slow-scan CCD 
is time consuming, on the order of minutes for spectra 
covering the full wavelength range at high resolution. In 
contrast, the AOTF is capable of very fast operation, 
requiring only milliseconds to sweep the same range. By 
incorporating fast, single-point detection into the system 
design, we can acquire survey spectra very rapidly. For 
visible wavelength operation (400-1100 nm) a silicon 
photodiode is used, while near-infrared sensitivity (800- 
1800 nm) is provided by a germanium detector sampled 
with a 12-bit A/D converter (National Instruments AT- 
MIO-16L). Signal levels decrease as the field of view is 

apertured down, and the detectors are operated un- 
cooled, requiring signal averaging for improved signal- 
to-noise performance. Typically, several hundred aver- 
ages are performed, which increases the acquisition time 
to several seconds. 

Upon spectral characterization, imaging can be per- 
formed. A swing-away mirror directs light away from the 
single-point detector and towards the imaging camera. 
A lens positioned after the swing-away mirror forms an 
intermediate image of the collected light, which is mag- 
nified by the infinity-corrected objective. The interme- 
diate image is split by a 50/50 cube beamsplitter directing 
light to identical 2.5× projection eyepieces. The eye- 
pieces provide additional magnification and present flat- 
field spectral images to the low-light-level CCD and a 
video CCD camera (Javelin), simultaneously. The video 
camera is parfocal with the low-light-level CCD and is 
used with a video monitor (Ikegami) for sample posi- 
tioning and focusing. Samples are viewed on glass mi- 
croscope slides. 

An 80386-based computer (Del 310) was used for spec- 
tral image collection and processing. Software was writ- 
ten primarily in the C programming language to integrate 
data acquisition and control in a coherent fashion. Pri- 
mary spectral image processing was also performed with 
the use of computer software especially written to store 
and manipulate the data as 32-bit floating point numbers 
instead of the 8 bits usually handled by image processing 
packages. This additional precision is necessary to be 
able to measure the weak vibrational absorptions, which 
are superimposed on the instrument response function 
and background contributions. Contrast enhancement, 
pseudo-coloring, and image presentation were performed 
with the use of a commercial image-processing package 
(BioScan Optimas 3.0) and a VGA graphics board (Uni- 
vision Scorpion 16G). For publication, images were pho- 
tographed from the computer monitor. 

A thin section of human epithelia stained with he- 
matoxyl in-eosin  according to s tandard  histological 
procedures 17 was used as a sample for visible absorption 
imaging. NIR absorption microscopy was performed on 
suspensions of d io leoy lphospha t idy le thanolamine  
(DOPE) (Avanti Polar Lipids) in water. Prior to imaging, 
the DOPE suspension, a model lipid membrane assem- 
bly, was cycled through its phase transition several times 
and then sonicated for 10 min to promote single-shell 
vesicle formation. 

RESULTS 

In establishing the feasibility of this approach to spec- 
troscopic imaging, we have recorded data of many dif- 
ferent kinds of materials in both transmission and re- 
flection modes from 400 to 1200 nm. For the purpose of 
this discussion, we have selected data sets which em- 
phasize its applicability to biological materials in both 
the visible and near-infrared portions of the spectrum. 

Figure 4 presents spectral data and images recorded 
with the A-O filtered spectroscopic microscope of a cross 
section of human epithelia. Total magnification provided 
a spatial resolving element of approximately 2.0 #m per 
pixel. The reference bar in Fig. 4C corresponds to 14 #m. 
Images were recorded over the wavelength range 400 to 
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Fro. 4. A-O spectroscopic images of a cross section of human epithelial cells, stained with a visible dye, taken at 520 nm (B) and 710 nm (C), 
respectively. Panel A displays a transmission vector extracted from this data set at an x, y coordinate corresponding to one of the dark regions 
in image B. The resulting visible absorption spectrum is that  of the hematoxylin-eosin stain. The reference bar in panel C corresponds to 14 ~m. 

800 nm at 2-nm increments with the use of a 15-ms 
exposure at each wavelength, giving a total measurement 
time of 3 s. With system overhead the total acquisition 
time was approximately 3 min. The visible absorption 
spectrum shown in Fig. 4A was produced by extracting 
201 absorption values from a particular image x, y co- 
ordinate. The spectrum corresponds to a pixel coordinate 
from within the arterial wall which appears as a dark 
area in the image in Fig. 4B. 

The images in Fig. 4B and 4C correspond to CCD 
exposures taken at 520 and 710 nm, respectively, It is 
clear that  significantly higher visual clarity and struc- 
tural information are available from image 4B, corre- 
sponding to the image based upon the absorption maxi- 
mum of the histological stain at 520 nm. In image 4C, 
outside the spectral characteristics of the staining ma- 

terial, the outline of the arterial wall is barely visible. 
The apparent contrast in image 4B is a clear demon- 
stration of chemical differences in the arterial wall rel- 
ative to the bulk material in this particular tissue type. 

Displaying near-infrared vibrational absorption spec- 
tra obtained with the AOTF, Fig. 5A and 5B show the 
transmission spectra of water in 1.0-cm- and 0.1-cm- 
pathlength quartz cells, respectively. The AOTF oper- 
ates here as a miniature spectrometer by filtering the 
quartz tungsten halogen lamp source. A germanium pho- 
todiode is used for detection. In operation, the samples 
are placed in the nearly monochromatic beam between 
the AOTF and the photodiode. The resulting spectra 
were ratioed against a reference to obtain the transmis- 
sion spectra shown. Spectra in Fig. 5A and 5B consist of 
500 averages each and were obtained in approximately 
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FIG. 5. Near-infrared vibrational absorption spectra of water collected 
between 800 and 1700 nm with an AOTF for 1.0 cm (A) and 0.1 cm 
(B) pathlengths, respectively, with the use of germanium photodiode. 
Spectra represent 500 averages collected in 3 s each. The insert displays 
a water spectrum corresponding to a single pixel extracted from a series 
of water droplet images collected under the microscope between 820 
and 1100 nm with the A-O imaging spectrometer using CCD detection. 
The second overtone of the OH stretching mode at 960 nm is weak but 
clearly visible. 

3 s. Notable features include the second overtone of the 
OH stretching mode at 960 nm, an H20 combination 
band at 1190 nm, and the first overtone of the OH 
stretching mode at 1440 nm. In addition, a transmission 
spectrum of the second overtone region of water obtained 
with the AOTF coupled through the microscope and with 
the use of the silicon CCD for detection is shown in the 
inset. The sample for this spectrum is a pure water drop- 
let, approximately 100 ~m in diameter, deposited on the 
microscope slide. Assuming that the water droplet takes 
a spherical shape, the maximum pathlength is approxi- 
mately 100 #m. The spectrum is extracted from spectral 
images collected between 820 and 1100 nm at 5-nm in- 
tervals and corresponds to a pixel in the center of the 
water droplet. An integration time of 3 s per frame was 
required to obtain this spectrum due to the extremely 
low quantum efficiency of the silicon detector (<5%) 
beyond 900 nm. 

The spectra of Fig. 5 demonstrate the effect of sample 
pathlength on the vibrational absorption signal intensity 
shown here in transmission mode. Given the limited 
pathlength of microscopic materials (<100 ~m), only 
strong vibrational absorbers are readily accessible with 
a silicon detector. In fact, the band at 960 nm is the only 
vibrational absorption accessible to our CCD without the 
use of exhaustive signal averaging. By extending the op- 
eration of our instrument to longer wavelengths with an 
appropriate detector, one could access the first overtone 
of the OH stretch at 1440 nm, which would then provide 
an increase of over two orders of magnitude in signal 
intensity. This is demonstrated in Fig. 5B for the single- 
point detection case. In general, the use of near-infrared 
detectors and significantly longer vibrational wave- 
lengths would provide greater chemical selectivity and 
sensitivity, resulting in significantly higher image con- 
trast. 

Figure 6 shows A-O filtered spectral images of di- 
oleoylphosphatidylethanolamine (DOPE) vesicle disper- 

sions in water. The 128 x 128 pixel images were obtained 
with a 20 x (N.A. 0.50) objective, which provides spatial 
resolution of 1.0 #m per pixel. Absorption images were 
recorded by tuning the AOTF to wavelengths charac- 
teristic of the OH stretching mode second overtone at 
960 nm. In addition, background spectral images were 
obtained at wavelengths off the water absorption band 
for reference and comparison. We acquired images at 
850, 900, and 960 nm, using exposures of 0.25, 2, and 6 
s, respectively. Different integration periods are used to 
accommodate for the varying quantum efficiency of the 

CCD detector. 
As seen in Fig. 4B and 4C, strongly absorbing materials 

provide sufficient image contrast without additional en- 
hancement when viewed in transmission. For very weakly 
absorbing materials, like the DOPE lipid suspensions 
used in Fig. 6, pure transmission does not provide ade- 
quate contrast to differentiate between the absorbing 
960-nm image (Fig. 6A) and the nonabsorbing 850-nm 
image (Fig. 6B). Vibrational absorption, however, is not 
the only contribution to sample opacity. Therefore, con- 
tributions to the sample optical density, which include 
refraction, reflection, scattering, etc., must be eliminated, 
or at least reduced sufficiently, in order to be able to 
unequivocally attribute sample contrast to a vibrational 
absorption. We accomplish this by first ratioing an image 
taken within the absorption band against some reference 
collected at the same wavelength and under identical 
conditions, but  without sample present. This ratio re- 
moves wavelength-dependent contributions due to in- 
strument response. The resulting image is ratioed a sec- 
ond time against an image collected off the absorption 
band to remove contributions to sample opacity (and 
therefore contrast) not due to sample absorption. 

Figure 6A represents the OH stretching mode overtone 
absorption image of water obtained by ratioing the 960- 
nm spectral image to the 900-nm frame. Figure 6B is a 
nonabsorbing image obtained by ratioing the 850-nm 
frame to the 900-nm frame. Image contrast is superior 
in Fig. 6A due to absorbance of the water encapsulated 
within the DOPE single-shell vesicles. This particular 
image is especially striking since it represents the ability 
to achieve chemically selective image contrast in biolog- 
ical materials without resorting to staining. That  is, the 
technique relies on the sample's intrinsic absorptivity as 
a result of its vibrational modes. The light and dark 
concentric rings that  appear around the vesicle suspen- 
sions in Fig. 6 are classic two-dimensional diffraction 
patterns. The optical interference effects are accentuated 
by the nearly coherent light employed for sample illu- 
mination. 

FUTURE DIRECTIONS 

This paper has presented images derived from the vis- 
ible and near-infrared absorption data collected from two 
distinct biological samples. While these are preliminary 
data, an obvious and important extension of this tech- 
nique is to collect spectra at much longer wavelengths 
where absorption bands may be several orders of mag- 
nitude more intense. Although the present study ob- 
tained near-infrared absorption data with the use of a 
silicon CCD detector with sensitivity not extending much 
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FIG. 6. Images of lipid vesicle suspensions in water collected at 960 nm (A) and 850 nm (B). The darkening of the droplets in panel A relative 
to panel B corresponds to the vibrational absorption of water at 960 nm. For presentation, the images are corrected for instrument response and 
background contributions. The reference bar in panel B corresponds to 5 tzm. 

beyond 1050 nm, recent  advances  in infrared focal p lane 

a r ray  detectors  will enable  extension of this spectra l  im- 

aging technique to 5500 nm using InSb  and PtSi ,  to 8000 

n m  using IrSi, and  to 12,000 nm using MCT.  TeO2 acous- 

to-opt ic  tunable  filters are usable to app rox ima te ly  5500 

nm, while other  mater ia ls  are available for longer wave- 

lengths. The  use of these f i l ter /detector  combinat ions ,  

in conjunct ion with an all-reflecting, achromat ic  infrared 

microscope,  promises  to yield a po ten t  analyt ical  and 
biomedical  tool. 

By p l acemen t  of the sol id-state  optical  filter direct ly 

in f ront  of the focal p lane  array,  bo th  fluorescence and  

R a m a n  imaging exper iments  may  be under taken .  For  the 

lat ter ,  however,  even though  crystals  providing higher 

spectra l  resolut ion t han  our p resen t  one are available, 

the relat ively large spectra l  bandpass  character is t ic  of  

the  A O T F  will offer serious l imitat ions.  However ,  since 

other  filter technologies,  such as tunable  F a b r y - P e r o t  

etalons,  claim 0.1 nm or be t te r  in resolution, over nar-  

rower wavelength ranges, they  m a y  be be t te r  sui ted to 
specific applications.  

Since this technique  provides a convenient  spectro-  

scopic imaging tool, the potent ia l  areas of appl icat ion 

strongly overlap those techniques  where t radi t ional  ab- 

sorpt ion or emission spectroscopic approaches  have 

proven  valuable.  These  areas could include, bu t  not  nec- 

essarily be l imited to, biological materials,  polymers,  semi- 

conductors ,  and  even remote  sensing. T h e  abil i ty to rap-  

idly and s imul taneous ly  record thousands  of absorpt ion  

spectra ,  with little or no t ime  pena l ty  for collecting im- 

ages at  high spat ia l  resolution, yields an except ional ly  

powerful  technique in which various project ions of the  

collected da ta  sets can be man ipu la t ed  to reveal  subtle 

molecular  a r r angement s  not  de te rminab le  by other  spec- 
t roscopic techniques.  Addit ionally,  in tegrat ion of con- 

vent ional  image e n h a n c e m e n t  techniques  with chemo- 

metr ic  me thods  reserved for the  analysis of more  

t radi t ional  spectroscopic  da ta  provides flexibility in pro-  

cessing the  complex da ta  sets recorded by A-O spectro-  
scopic microscopy.  
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