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Time-Resolved Multispectral Imaging Spectrometer
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A new multispectral imaging spectrometer with millisecond reso-
lution has been developed. This instrument is based on the use of
an acousto-optic tunable � lter (AOTF) for spectral tuning and a
simple progressive scan camera capable of snapshot operation for
recording. The fast multispectral imaging can be performed in two
con� gurations: recording images as a function of time or as a func-
tion of wavelength. In the � rst con� guration, multiple images are
recorded, grabbed, and stored per one wavelength. Upon comple-
tion, the AOTF is scanned to a new recording wavelength and a
new set of images are recorded. It was found that, in this con� gu-
ration, the imaging spectrometer is capable of recording, grabbing,
and storing up to 33 images per s (i.e., 30 ms per image). Because
an external signal is used to start the event and the recording of
images, and the period between the start of the event and the re-
cording and grabbing of images can be appropriately adjusted by
a delay line, the time resolution of the spectrometer is not limited
to 30 ms but rather can be adjusted to a shorter or longer time
scale. In the second con� guration, the recording wavelength is rap-
idly scanned (by the AOTF) and only one image is rapidly recorded,
grabbed, and stored for each wavelength. Because additional time
is needed to scan the AOTF, the maximum number of images that
can be grabbed in this case is 16 frames per s. Preliminary appli-
cations of the imaging spectrometer include measurements of photo-
induced changes in temperature-sensitive cholesteric liquid crystals
as a function of time and wavelength. It was found that irradiating
with a near-infrared (NIR) diode laser of 805 nm led to changes in
the liquid crystal. The changes were found to vary with time and
wavelength, namely, at about 360 ms after the NIR laser pulse the
liquid crystal underwent changes in the visible region around 570
nm. The changes shifted toward longer wavelength concomitantly
with time; i.e., maximum change at about 600 ms shifted to 718 nm.

Index Headings: Acousto-optic tunable � lter; Multispectral imaging;
Liquid crystal.

INTRODUCTION

Multispectral imaging is a technique that can simulta-
neously record spectral and spatial information of a sam-
ple, i.e., the recorded images contain signals that are gen-
erated by a sample, and plotted as a function of spectral
and spatial distribution1. Recent available fast scanning
electronic tunable � lters [acousto-optic tunable � lters
(AOFTs)2,3 and liquid crystal tunable � lters (LCTFs)4],
Fourier transform interferometers5,6 and area cameras [sil-
icon, InGaAs, InSb, and HgCdTe, and the quantum well
infrared photodetector (QWIP)] have made it possible for
many research groups to develop novel multispectral im-
aging instruments that can rapidly and sensitively record
spectral images in the UV, visible, near- and middle-in-
frared region.4–13 Studies that to date were not possible
can now be performed by using these newly developed
instruments. These include the determination of the
chemical inhomogeneity of polymers,7,8,14 the authenti-
cation of stock certi� cate and currency,7 the evidence of
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kinetic inhomogeneity,8 and the detection of solid-phase
peptide synthesis mediated by a solid-phase combinato-
rial chemical method.9 It should be added that, in addition
to the multispectral imaging technique, there are other
techniques including those based on � ber-optic bundles15

and line illumination16 that can also provide images of a
sample. However, in contrast to the multispectral imaging
technique, elaborate data treatment may be needed to ex-
tract images from data recorded by these techniques.

It is of particular importance to increase the speed of
the multispectral imaging instrument. Faster speeds will
make it possible to study samples that undergo fast chem-
ical, biochemical, or photochemical reactions. For sam-
ples that do not undergo chemical transformation during
the measurement time, it would increase the signal-to-
noise (S/N) of the measurement because multiple images
can be rapidly recorded for subsequent signal averaging.
Many factors that govern the speed of images are cap-
tured in the multispectral imaging technique. These in-
clude the speed of the tunable � lter, the camera, and the
frame grabber. The LCTF4 and the AOTF 2,3 are two of
the fastest electronic tunable � lters currently available. Of
the two, the AOTF is relatively faster than the LCTF
because the tuning speed of the former is based on the
speed of sound in a crystal, which is on the order of micro-
seconds, whereas the latter is based on the response of
the liquid crystal, which is on the order of milliseconds.2–4

In addition to the rapid recording of images, it is es-
sential that a camera can be externally controlled (i.e.,
triggered) so that recorded images can be synchronized
with events occurring in a sample. Such requirements can
be satis� ed with cameras that have become commercially
available recently. In addition to the high sensitivity and
the rapid recording of images, these high-performance
cameras can operate in the ‘‘snapshot’’ mode in which
an external signal can be used to trigger the recording of
individual images.

The information presented is indeed provocative and
clearly indicates that it is possible to use the AOTF and
a high-performance camera to develop a novel multi-
spectral imaging instrument that can rapidly record im-
ages of a sample. The instrumentation development of
the multispectral imaging spectrometer and its utilization
to study changes in a liquid crystal induced by irradiation
with a near-infrared (NIR) pulsed laser will be demon-
strated in this paper.

EXPERIMENTAL

Time-resolved multispectral micro-imaging of a sam-
ple was performed with the instrument shown in Fig. 1.
As illustrated, a single-mode 805 nm diode laser powered
by an ILX Lightwave power supply (Model LDX 3565)
was used as the heating source for the sample. The laser
can be operated in either continuous or pulse mode with
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FIG. 1. Schematic diagram of the time-resolved multispectral imaging spectrometer.

adjustable pulse lengths. Changes in the sample induced
by the NIR pulsed diode laser irradiation were measured
by use of a 250 W halogen tungsten lamp as the light
source. Prior to being incident to the sample, the output
of this lamp was spectrally tuned by a noncolinear AOTF
fabricated from TeO2 (Matsushita Electronics Model
EFL-F20R2). The AOTF was driven by a home-built ra-
dio-frequency (rf) driver, which is the same as that used
in our earlier studies.17,18 Light re� ected from the sample
was detected by an 8-bit 512 3 512 (10 mm 3 10 mm
pixel size) progressive scan silicon area camera (Dalsa
Corporation Model CA-D8). This camera was operated
in the snapshot mode; namely, the recording of images
was triggered by an external signal. A frame grabber (Di-
pix Corporation Model XPG-1000) was used to grab im-
ages from the camera for subsequent transfer to the com-
puter for imaging processing.

A set of temperature-sensitive liquid crystal sheets was
purchased from Edmund Scienti� c. According to the
manufacturer, the sheets were produced by dispersing 3
to 5 mm cholesteric liquid crystals in a polymer matrix.
For each sheet, the � lm was encapsulated between two
sheets of Mylar for protection. One side of the sheet was
coated with black ink. The set contains six sheets of liq-
uid crystal, each sensitive to a different range of temper-
atures, namely, 20–25, 25–30, 30–35, 35–36, 35–40, and
40–45 8C.

RESULTS AND DISCUSSION

Temperature-sensitive cholesteric liquid crystal was se-
lected for this study because it is known that changes in
temperature lead to rapid changes in the absorption and
refractive index of the liquid crystal.19,20 Furthermore, liq-
uid crystal � lms that are sensitive to different temperature
ranges are commercially available.

Because the cholesteric liquid crystal absorbs NIR
light through the overtone and combination absorption of
the C–H, O–H, and N–H groups, irradiating it with an
NIR laser will lead to a change in its temperature, which,
in turn, produces changes in the absorption and refractive
index. Such changes were, in fact, observed when the
liquid crystal was irradiated with the NIR laser at 805
nm. Without knowing the structure of the liquid crystal,
it is dif� cult to determine the exact transitions that are
responsible for the absorption. It may be possible that the
overtones and combination transitions of the C–H groups
are responsible for the absorption.15

Since changes induced in the liquid crystal are in the
visible region, they can be readily monitored with a vis-
ible silicon area camera. As this is an area camera, each
image it records corresponds to a two-dimensional (2D)
picture of the sample. It can, therefore, be used to record
rapid changes in the liquid crystal either as a function of
time (i.e., quickly record picture at a � xed wavelength as
a function of time) or as a function of wavelength (i.e.,
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FIG. 2. Timing sequence of the multispectral imaging measurements.

rapidly record images at different wavelengths) but not
both (i.e., simultaneously varying both time and wave-
length). This limitation is due to the fact that changes in
the absorption and refractive index of the liquid crystal
with time are faster than the time required to change the
wavelength setting of the AOTF and to record a new
image. As a consequence, two sets of experiments were
designed to demonstrate the operation of the image spec-
trometer and the properties of the liquid crystal: images
were recorded as a function of time and as a function of
wavelength.

In the � rst set of experiments, the liquid crystal was
irradiated by a pulsed NIR diode laser, and changes in
the absorption and the refractive index of the liquid crys-
tal were monitored by rapidly and consecutively record-
ing multiple images as a function of time at a single
wavelength. Subsequently, the recording wavelength was
changed and a new set of images were recorded. The
procedure was repeated for several wavelengths so that
subsequent treatment of images would enable the calcu-
lation of spectra that show the changes in the absorption
and refractive index as a function of time (for many il-
luminating wavelengths).

In the second set of experiments, the liquid crystal was
irradiated by the same NIR diode laser operating not in
the pulse mode but rather in the continuous mode.
Changes in the sample were monitored by illuminating it
with a monochromatic light from the AOTF. The AOTF
was scanned rapidly, and one image was recorded for
each wavelength. Subsequent treatment of the recorded
images (for many wavelengths) will enable the calcula-
tion of spectra that show changes in the absorption and
refractive index as a function of wavelength. Changes in
the sample with time were negligible in this case because
the sample was irradiated with a continuous NIR laser.
As a consequence, its photo-induced changes are presum-
ably a steady state.

Multispectral Imaging as a Function of Time. The
timing of the � rst set of experiments is shown in Fig. 2
and can be explained as follows: While under illumina-
tion with a monochromatic diffracted light from the
AOTF, the sample was irradiated by a single pulse from
the NIR diode laser. An external pulse was generated by
a computer (trace #2 of Fig. 2), and the positive slope of
the pulse started the diode laser. An external delay line,
provided by the timing controller, was used to adjust the
� ring time of the diode laser (trace #4). The Dalsa
charge-coupled device (CCD) camera was operated in the
free running mode; i.e., it continuously recorded images
(trace #1). The negative slope of the pulse generated by
the computer started the frame grabber (trace #3). The
frame grabber was operated in the multiple grabbing
mode and was set to acquire a set of multiple and con-
secutive images as fast as it could grab them from the
camera (for a set duration, which in this study was 1.5
s). These frames were then consecutively stored in the
memory of the frame-grabber board. The maximum num-
ber of frames which the frame grabber can grab in a given
time is de� ned by two factors: the total number of frames
stored in the frame grabber and the speed necessary to
transfer the frames. The maximum number of frames that
can be stored is dependent on the memory of the frame-
grabber board and size of frame. The maximum speed of

frame transfer is de� ned by the speci� cations and the
exposure time (i.e., the integration time) of the camera.
This rate cannot, however, exceed the maximum clock
frequency that supports the Digital Camera Module com-
ponent of the Dipix XPG-1000 frame grabber, which in
this case is 50 MHz at 8 bits/pixel. In this study, with
the Dalsa CA-D8 camera and the 16 Mbyte memory on
the XPG-1000 board, the maximum number of frames
that the grabber can grab is 33 frames/s. Therefore, a total
of 50 images can be grabbed by the grabber in the 1.5 s
duration used in this study.

As described above, by the use of the signal generated
by the computer and the delay line provided by the timing
controller, the � ring of the diode laser pulse can be pre-
cisely controlled. However, because the CCD camera was
operated not in the snap-scan mode but rather in the free-
running mode (i.e., images are continuously recorded),
and the frame grabber was started by the negative slope
of the same signal generated by the computer, it was dif-
� cult to precisely control the start of the frame grabbing
(i.e., the grabber can only grab an entire frame from its
beginning). As a consequence, there may by some error
due to this timing mismatch (trace #3). However, the er-
ror produced by this mismatch is not more than one
frame, i.e, 615 ms.

With the delay line shown in Fig. 2, four images of
the sample were recorded and grabbed prior to the laser
pulse. However, the number of images that are recorded
before the laser pulse is not � xed at four frames as in
this study. It can be adjusted by the use of an appropriate
delay line. As a consequence, events occurring in the
sample can be monitored at any time (i.e., before, during,
and after the laser pulse) for any duration of time. This
timing arrangement made it possible to precisely deter-
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FIG. 3. 2D (upper) and 3D (lower) plots of images of re� ected light intensity at 600 nm taken for the 30–35 8C liquid crystal at different times
after the start of the 805 nm diode laser pulse.

mine the timing of the experiment in the recorded images,
namely, the time t 5 0 when the laser pulse was � rst
incident to the sample. It also offers background images
which can be used for background correction. The du-
ration of the laser pulse used in this study was 100 ms.
As shown in Fig. 2, there were, therefore, about three
images of the sample during the time it was irradiated by
the laser pulse. Image number 8 and thereafter are those
of the sample after the pulse laser went off. From the

same area, which in this case corresponds to a square of
7 3 7 pixels, the intensity of light was calculated from
each of the images beginning with image number 8. This
approach allows the construction of spectra that show the
changes of the liquid crystal induced by the NIR pulse
laser.

Two- and three-dimensional (3D) plots of some of im-
ages of the re� ected light intensity at 600 nm, taken at
different times (30, 180, 330, 420, 480, 540, 600, and
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FIG . 4. Changes in the re� ected light intensity at different wavelengths, plotted as a function of time for 30–35 8C liquid crystal.

690 ms after the start of the laser pulse) for the liquid
crystal that is sensitive in the 30–35 8C temperature range
are shown in Fig. 3. As illustrated, the changes in the
re� ected light intensity increased concomitantly with
time until about 540 ms when it went through a maxi-
mum value; thereafter it decreased. The results can be
better visualized in Fig. 4, which shows the changes in
the intensity of light re� ected from the liquid crystal at
different illumination wavelengths plotted as a function
of time. These spectra were calculated by comparing data
for each square of 7 3 7 pixels from each image. As
illustrated, heating by an NIR pulse led to changes in the
liquid crystal. About 360 ms after the NIR laser pulse,
the liquid crystal underwent changes in the visible region
at around 570 nm. The changes shifted toward longer
wavelength concomitantly with time, i.e., maximum
changes at about 600 ms shifted to 718 nm. Interestingly,
initial changes in the shorter wavelength region at the
beginning were relatively slower than those at the longer
wavelengths at the latter time; i.e., the slopes of the bands
were relatively smaller for bands at shorter wavelengths
than those for bands at longer wavelengths. A better il-
lustration of the effect can be seen in the insert of Fig. 4
which was constructed from the data in Fig. 4 to show
the responses of the liquid crystal 360 and 600 ms after
the laser pulse, plotted as a function of wavelength. As
illustrated, 360 ms after the laser pulse, the changes in

the liquid crystal decreased rapidly as a function of time.
Conversely, the signal plotted 600 ms after the laser pulse
shows the increase in the intensity of the re� ected light
as a function of wavelength. However, the slope of the
build-up at the longer time scale was smaller than that of
the decay of the shorter time.

It is important to point out that changes in the tem-
perature are known to produce changes in the absorption
and refractive index of liquid crystals. Because in this
experiment the intensity of the light diffuse-re� ected
from the sample was measured, it is not possible to sep-
arate the change in the absorption from that of the re-
fractive index. The two effects (change in absorption and
change in the refractive index) produce a visible change
in the liquid crystal, and this was observed by the re-
corded images.

Measurements were also performed on two other liquid
crystals that are speci� ed to be sensitive in the temper-
ature ranges of 35–40 and 40–45 8C. Results are shown
in Figs. 5 and 6, respectively. Similar to the 30–35 8C
liquid crystal, these two liquid crystals also exhibit
changes in the intensity of re� ected light as a function of
wavelength; namely, the changes at shorter wavelength
are relatively slower and occur at an earlier time than
those at the longer wavelength. Interestingly, the mag-
nitude of the changes in the higher temperature liquid
crystal (i.e., 40–45 8C) is smaller but occurs much faster
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FIG. 5. Changes in the re� ected light intensity at different wavelengths, plotted as a function of time for 35–40 8C liquid crystal.

than those for lower temperature samples (30–35 8C). For
the same wavelength range, the intensity of the re� ected
light for the 40–45 8C liquid crystal is lower and was
completed at 150 ms after the laser pulse, whereas it took
at least 800 ms for the more intense re� ected beam from
the 30–35 8C sample to completely change. The 35–40
8C sample falls between these two samples; i.e., its
changes were completed 450 ms after the laser pulse.

Multispectral Imaging as a Function of Wave-
length. The second set of experiments was designed to
demonstrate the ability of this imaging spectrometer for
the rapid recording of images at different wavelengths.
This was accomplished by irradiating the liquid crystal
with the NIR diode laser operating in the continuous
mode and rapidly scanning the AOTF to change the
wavelength of the illuminating light. As described in the
previous paragraph, by irradiation of the liquid crystal
with a continuous NIR light, its photo-induced changes
reach a steady state, thereby eliminating complications
associated with the changes in the sample with time. The
frame-grabbing mode in this case was slightly different
from that used in the previous set of experiments. The
grabber still tries to grab as many images as quickly as
it can. However, the rapid scanning of the AOTF imposes
an additional requirement. As a consequence of this re-
quirement, the AOTF was set at one wavelength (by the
computer) for the camera to record one image. The frame
grabber rapidly grabs the recorded image and then rapidly

copies it into the next available buffer in its memory for
storing. The time spent during this frame transfer enabled
the AOTF to be changed to the next wavelength. Again
an image at this wavelength was grabbed and transferred
to the grabber’s memory for storage. The process contin-
ues (i.e., one frame per one wavelength) until the frame
grabber memory was full of frames. At that time, all of
the stored frames were transferred to the computer. Be-
cause of the extra time required in this mode of operation
(i.e., to transfer frames and to scan the AOTF), the total
number of frames that can be grabbed was only 16
frames/s, which is relatively lower than the 33 frames/s
achieved in the previous experiments in which the AOTF
was set at a constant wavelength during the frame grab-
bing.

Spectra that illustrate changes in the intensity of the
re� ected light plotted as a function of wavelength for the
30–35 8C liquid crystal are shown in Fig. 7. These spec-
tra were taken when the liquid crystal was irradiated with
the continuous-wave NIR diode laser with different laser
powers (from 27 to 65 mW), and the AOTF was scanned
from 460 to 580 nm at 2 nm intervals. A total of 60
images was needed to construct one spectrum. As de-
scribed in the previous paragraph, in this con� guration
the instrument can grab 16 frames/s. As a consequence,
it required 3.8 s to acquire 60 images from which one
spectrum was calculated.

Spectra of the sample at different laser powers were
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FIG . 6. Changes in the re� ected light intensity at different wavelengths, plotted as a function of time for 40–45 8C liquid crystal.

FIG. 8. Changes in the re� ected light intensity as a function of wave-
length for the 30–35 8C liquid crystal ( ); the 35–40 8C liquid
crystal (- - - - - - - - -); and the 40–45 8C liquid crystal (—··—··) irradiated
with a continuous-wave diode laser with 45, 56, and 63 mW power,
respectively.

FIG. 7. Changes in the re� ected light intensity as a function of wave-
length for the 30–35 8C liquid crystal irradiated with a continuous-wave
diode laser with different powers: ( ) 34 mW; (- - - - - -) 36 mW;
(– – –) 39 mW; ( ) 41 mW; (— - — - —) 43 mW; (— - - — - - —)
45 mW; (- - - - - - - - - - - - - ) 48 mW; and (········) 50 mW.

calculated from recorded images. The calculated spectra
were then corrected for the differences in the intensity of
the illuminating halogen tungsten lamps, and the resulting
spectra are shown in Fig. 7. The correction was necessary
because it is known that the spectral output of the halogen

tungsten lamp is dependent on wavelength. The correc-
tion was accomplished by replacing the sample with a
mirror to record the spectral output of the halogen tung-
sten lamp for the subsequent correction (by dividing the
sample spectrum by the corresponding lamp spectral out-
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put). It is important to point out that the assumption that
the sample was at steady state is valid because the same
spectra were obtained (for the same NIR laser power).

As illustrated in Fig. 7, increasing the power of the
NIR irradiating laser light shifted the spectra toward
shorter wavelengths: the peak at 565 nm, which was ob-
tained with a 39 mW laser power, shifted to 556 nm when
the laser power was increased to 41 mW, to 550 nm for
43 mW, to 538 nm for 45 mW, and to 530 nm for 48 and
50 mW. This pattern may be due to the fact that increas-
ing the power of the irradiating laser provides a higher
temperature change in the sample, which, as a conse-
quence, shifts the changes toward shorter wavelength
(higher energy) region.

A similar effect can also be seen in Fig. 8, which plots
the changes for three different liquid crystal sheets (30–
35, 35–40, and 40–45 8C) as a function of wavelength.
Different laser powers were used to measure these spec-
tra: 45 mW for the 30–35 8C sample, 56 mW for the 35–
40 8C sample, and 63 mW for the 40–45 8C sample. As
illustrated, it was necessary to increase the diode laser
power by 24 and 40% (from 45 to 56 and 63 mW) in
order to produce change for the 35–40 and 40–45 8C
samples, respectively, at the same wavelength as the 30–
35 8C sample. This requirement was as expected, because
higher laser power is needed to generate suf� cient tem-
perature change to ensure that it can produce changes in
liquid crystals that are sensitive to relatively higher tem-
peratures (35–40 and 40–45 8C).

In summary, it has been demonstrated that a new mul-
tispectral imaging spectrometer with millisecond resolu-
tion can be developed by use of an AOTF for spectral
tuning and a simple progressive scan camera capable of
snapshot operation for recording. The fast multispectral
imaging can be performed in two con� gurations: record-
ing 2D images as a function of time or as a function of
wavelength. In the � rst con� guration, as many images as
possible are recorded, grabbed, and stored per one wave-
length. Upon completion, the AOTF is scanned to a new
recording wavelength and a new set of images are re-
corded. It was found that in this con� guration, the im-
aging spectrometer is capable of recording, grabbing, and
storing up to 33 images per s (i.e., 30 ms per image).
Because the recording camera is synchronized with an
external signal and a delay time can be installed to ap-
propriately adjust the duration between the start of an
event and the recording and grabbing of the image, the
time resolution of the spectrometer is not limited to 30
ms but rather can be adjusted to a shorter or longer time
scale. In the second con� guration, the recording wave-
length is rapidly scanned (by means of the AOTF), and
only one image is rapidly recorded, grabbed, and stored
for each wavelength. Because additional time is needed
to scan the AOTF, the maximum number of images that
can be grabbed in this case is 16 frames per second. The
operation of the imaging spectrometer was demonstrated
in the investigation, which aims to study the spectral,
temporal, and spatial response of a variety of cholesteric
liquid crystals sensitive to different temperature ranges.

Preliminary applications of the imaging spectrometer
include measurements of photo-induced changes in tem-
perature-sensitive cholesteric liquid crystals as a function
of time and wavelength. It was found that irradiating with

a pulsed NIR diode laser of 805 nm led to changes in
the liquid crystal. The changes were found to be varied
with time and wavelength; namely, about 360 ms after
the NIR laser pulse the liquid crystal underwent changes
in the visible region around 570 nm. The changes shifted
toward longer wavelength concomitantly with time; i.e.,
maximum change at about 600 ms shifted to 718 nm.
Under steady-state conditions, i.e., when they were irra-
diated with a continuous-wave NIR diode laser, the liquid
crystals underwent changes that varied with the laser
power. Speci� cally, for the 30–35 8C liquid crystal, the
maximum change at 570 nm obtained with 38 mW power
shifted to 560 nm when the power was increased to 41
mW. Higher laser power was needed to produce changes
in higher temperature liquid crystal at the same wave-
length as those for lower temperature samples.

The present study of liquid crystals is an example that
illustrates the type of measurements that can be per-
formed by using this time-resolved multispectral imaging
spectrometer. It should be noted that the ability to per-
form multispectral imaging in the millisecond time scale
is important not only for investigations of rapid photo-
chemical and photophysical processes but also for low
S/N measurements as well as for measurements where
the samples are chemically stable but not in the same
position. Measuring in a millisecond time scale enables
this imaging instrument to rapidly acquire multiple im-
ages of samples with low S/N for subsequent signal av-
eraging or increasing the integration time of measure-
ments. The instrument is also particularly suited for mea-
surements where the sample and/or the instrument are on
the move, i.e, for remote sensing and online quality con-
trol and assurance. Furthermore, the wavelength region
is not limited to the visible as in this study but can be
extended to the near- and middle-IR. In fact, with the
Dalsa CCD camera replaced by the InGaAs NIR camera
that was used in our earlier studies,5–7 NIR multispectral
imaging in the millisecond time scale can be readily ac-
complished. These possibilities are the subject of intense
investigation.
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