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Novel Route to Faster Fourier Transform Infrared
Spectroscopic Imaging
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Fourier transform infrared (FT-IR) spectroscopic imaging micros-
copy couples a focal plane array (FPA) detector, integrated within
an infrared microscope assembly, to an interferometer for attaining
a multiplex/multichannel signal detection advantage. While this
con� guration should enable the acquisition of spatially resolved
spectra over the entire � eld of view of a sample in the time that it
takes a conventional FT-IR spectrometer to record a single spec-
trum, data acquisition in an imaging modality is an intrinsically
slower process. We present a novel collection technique for step-
scan, micro-imaging spectrometers that both allows large numbers
of samples to be imaged rapidly and provides higher signal-to-noise
ratios (SNRs) for given experimental time intervals. For example,
data may be collected in as little as one minute, while SNRs greater
than 800 are achieved for data acquired in less than 10 min. Im-
aging data acquired in the proposed, more rapid approach exhibit
no loss in � delity compared to data recorded by the conventional
imaging techniques.

Index Headings: FT-IR; Imaging; Focal plane array; Signal-to-noise
ratio; Hyperspectral data cube; Step-scan; Continuous scan; Rapid
scan; Data collection; Trigger method.

INTRODUCTION

Infrared imaging of microscopic samples using focal
plane array (FPA) detection techniques became feasible
through the coupling of an FPA to both a Fourier trans-
form infrared (FT-IR) spectrometer and an IR micro-
scope.1,2 This technique has been used in analyzing poly-
mer composites3,4 and blends,5 liquid crystal polymeric
systems,6,7 and polymer diffusion,8 as well as in the ex-
amination of tissue sections from humans,9–11 mice,12

rats,13 and monkeys, 2 and samples of food grains.14 In
comparison to conventional microspectroscopic (namely,
mapping) instrumentation, it is apparent that a major ad-
vantage of infrared spectroscopic imaging is the large re-
duction in the experimental time required for acquiring
high � delity data.15 The combination of spectral multi-
plexing, which is inherent to the interferometer, and FPA
multichannel detection should allow spatially resolved
spectra to be collected over the entire � eld of view being
sampled in the time that it takes to collect data from
microspectroscopic instrumentation equipped with solely
single element detection. FT-IR imaging, however, rep-
resents an intrinsically slower modality for collecting an
interferogram compared to the single element detector
system. The additional time required for data acquisition
is primarily due to the poor signal-to-noise ratio (SNR)
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characteristics of FPAs and the longer readout and stor-
age times required for accessing thousands of individual
detector elements.

It is well recognized that a reduction in data collection
times adds power to this imaging technique, making it
even more widely applicable to the areas of materials and
biological research. Faster data collection can be
achieved either by shorter readout and storage times or
by reducing noise characteristics through the improve-
ment of associated hardware. Hardware advances, how-
ever, are rare, expensive, and usually untenable alterna-
tives to existing instrumentation. Noise reduction may
also be achieved through post-collection techniques,
where improvement in the SNR of the processed data is
dependent on the SNR of the unprocessed data.16,17 These
techniques require additional computation time and may
not be universally applicable to speci� c experimental sce-
narios. Devising ef� cient collection strategies for noise
reduction by analyzing the details of the collection pro-
cess becomes a highly desirable approach toward increas-
ing the SNR of data collected in a speci� c experimental
time period.

To devise an ef� cient collection strategy, it is instruc-
tive to understand the mechanism of data collection for
commonly used step-scan instrumentation. In the inter-
ferometer, optical retardation remains constant for a given
time before being stepped sequentially to evenly spaced
retardation positions (Fig. 1). For every retardation step,
the FPA is synchronized to collect a number of image
frames, which are subsequently averaged and stored in a
computer as the image corresponding to that retardation.
An analysis for the SNR obtained from FPAs based on
the collection parameters in this process is given by18

SNRFPA
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where U n(T ) is the spectral energy density at a given
wavenumber, AD the detector area, and D* the speci� c
detectivity. The throughput is given by the imaged sam-
ple area (A) and the light intensity is determined by optics
associated with a numerical aperture, NA. D is the spec-n̄
tral resolution and j is the spectrometer ef� ciency. The
ef� ciency of the microscope equipped with an FPA is
given by dFPA, ec is the acquisition ratio, n I the number
of image cubes collected, and t is the time required to
collect one image cube. The acquisition ratio, de� ned as
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FIG. 1. Schematic of the setup for an infrared imaging system using
an FPA and a step-scan interferometer. The spectrometer is stepped to
achieve a retardation and the FPA is triggered to collect data. Upon
stabilization of the interferometer retardation, the FPA collects data and
all collected frames are read off to the computer to be averaged before
the next spectrometer step is triggered. Data are available as a hyper-
spectral data cube with signals at known retardations (interferograms)
for every pixel or an image per retardation.

FIG. 2. (a) Data collection using the conventional collection scheme. A timed signal generator is used to trigger spectrometer steps by an electrical
pulse (tp ;50 ms), the interferometer mirrors stabilize (td ;40 ms) and data are collected over the next interval of time given by the product of the
number of frames (n f) and time for each frame (t f). The data are read and stored while the spectrometer retardation is maintained (tr). (b) A delay
circuit is incorporated into the electrical path before the trigger is fed to the FPA input. The FPA is triggered after the spectrometer has stabilized
and collects data as in (a). The array is read and stored while the spectrometer is stepped and stabilized.

the ratio of array staring time to the total time per step,
was found to reasonably predict the achieved SNR.18 As-
suming the time for constant retardation to be optimal,
the acquisition ratio is given by

n tf I
e 5 (2)c t 1 n t 1 td f f r

where n f is the maximum number of frame co-adds al-
lowable at the spectrometer stepping rate, t I is the inte-
gration time per frame of time period t f , td represents the

time delay to allow the spectrometer to stabilize, and tr

provides the time required to read out, average, and store
the FPA frame data for the retardation step. The ef� cien-
cy of data collection is greatly reduced when data ob-
tained only for a small fraction of the total frame time
and a large ‘‘dead time’’ is allowed for spectrometer sta-
bilization, reading the array, and storing of data. The frac-
tion of frame time used for integration and readout, de-
termined by the array characteristics, is � xed by the man-
ufacturer. Since the time required by the spectrometer to
achieve a speci� c retardation can also be assumed to be
� xed, there appears to be little � exibility for further im-
provement in the data collection process.

PROPOSAL

In this manuscript, we propose a new method for col-
lecting data that will increase the acquisition ratio, ec, and
lead to a more ef� cient and faster data collection proto-
col. The data collection process in an imaging setup can
be considered to originate from a continuous electrical
trigger output from the interferometer electronics (Fig.
2a). This internal signal generator is used to provide pe-
riodic pulses, or triggers, which change the spectrometer
retardation at a determined rate. The pulse, with a time
period tp, is usually tens of microseconds in duration.
Once the electrical trigger steps the mirror(s) in the in-
terferometer to achieve a sequential retardation, the mir-
ror(s) move and stabilize in time td. This settling time is
fairly constant from step to step and run to run and is of
the order of tens of milliseconds. The same internal trig-
ger is split and fed to the FPA electronics. FPA data col-
lection is initiated after a time delay to allow the inter-
ferometer mirror(s) to stabilize at each retardation posi-
tion. Since the interferometer retardation is constant, the
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array detector collects data for a time given by the prod-
uct of the number of frames (n f) and frame time (t f); the
data are then read and stored in the computer in time tr .
The internal signal generator then sends out another trig-
ger pulse, and the process is repeated for the desired num-
ber of steps.

The above process of data collection has achieved
widespread implementation and works well; however, it
also results in signi� cant dead times. If the control center
of the instrument is considered to be an independent sig-
nal generator rather than an interferometer timing clock,
the interferometer and the FPA are then independently
controlled. It is clear that during the interferometer mir-
ror(s) stepping and stabilization stages, the FPA is idle.
Further, during the FPA readout and storage stages, the
interferometer remains idle. While seemingly interdepen-
dent and sequential, these two events (interferometer
stepping and FPA readout) are actually independent pro-
cesses, and the time required for the two steps may be
combined into one step to achieve higher ef� ciency. That
is, while the interferometer is performing the step pro-
cess, the array is read and stored. Thus, the larger of td

and tr in Eq. 3 determines the total dead time for the
process.

IMPLEMENTATION

The implementation of the above concept is shown
schematically in Fig. 2b. The interferometer is stepped,
using electrical triggers as in the conventional implemen-
tation, with the same trigger being split to another output
for the FPA. A delay circuit is incorporated between this
output and the trigger input to the FPA, with the delay
time set to be larger than the time required for mirror
stabilization. As seen in the � gure, the FPA collects data
when the interferometer assumes a stable retardation.
While the array data for that step is being read and stored,
the interferometer is stepped to the next retardation in the
sequence. During the stabilization of the interferometer,
the reading of the array is completed and the FPA is
triggered for collection at the new retardation. Using this
technique, data can be collected more rapidly without
loss of spectral or spatial � delity.

EXPERIMENTAL

A step-scan spectrometer (Bruker IFS 66/s) is inter-
faced to an IR microscope (Bruker IR Scope II) with an
FPA (Santa Barbara Focalplane) at the distal end of the
optical train. The FPA detector is a 64 3 64 pixel MCT
array equipped with an optimally sized cold shield and
appropriate bandpass � lters. The sensitivity of the detec-
tor is a spectral window from 2.3 to 11 microns (;4000–
900 cm21), which images a sample area of ;500 mm 3
500 mm. Single-sided collection yielded a total of 4096
interferograms, one for each detector element. Five hun-
dred and twelve data points are collected at an undersam-
pling ratio of 4 to yield spectra with a resolution of ap-
proximately 16 cm21 over a 0–3950 cm21 range. This
interferogram data cube is fast Fourier transformed using
triangular apodization.

For the conventional imaging implementation, 40 and
95 ms are provided as delay and readout times, respec-
tively. Twenty image frames are co-added after being col-

lected at a frame rate of 315.1 Hz (integration time of
0.099 ms per frame). Thus, the total time allowed for
frame acquisition is 65 ms. With a holding time at each
optical retardation point of 200 ms, we achieve a total
collection time of 103 s for each data set. For the pro-
posed implementation, the interferometer trigger is fed to
the FPA and delayed for 40 ms. Data are collected over
the subsequent 65 ms. Data readout to the computer was
then immediately initiated. A time delay of 20 ms is al-
lowed after data collection before again triggering the
interferometer. Thus, the total time between spectrometer
triggers is 125 ms, resulting in a collection time of less
than 65 s for the image cube. The interferometer is usu-
ally triggered by a pulse with tens of ms, which is neg-
ligible compared to the other times involved and is, there-
fore, neglected.

A thin (;10 mm) � lm of polystyrene (ICI plc) was
sandwiched between two BaF2 � ats (Wilmad). The as-
sembly was placed in the beam path, and the microscope
was focused using the � lm edge-air interface between the
substrates. Background image data sets were acquired
from areas approximately 1 mm outside the � lm, while
� lm images were recorded approximately 1 mm inside
the boundary. The FPA was � at � elded prior to data ac-
quisition with the use of a two-intensity calibration of the
radiation intensity passing through the microscope optics.
No diffuser was used. The sample and background single
beam data cubes were ratioed pixel-by-pixel in the con-
version to an absorbance image data cube. Matlab (Math-
works Inc.) and ENVI (Research Systems Inc.) provided
platforms for software written in-house for data extrac-
tion and computation.

RESULTS AND DISCUSSION

The proposed collection scheme was successfully im-
plemented. The camera readout time, tr, was systemati-
cally varied to � nd the minimum time for stable inter-
ferometer/FPA operation. Using too small a time period
results in a triggering of the camera before the FPA read-
out is complete, leading to either communication failure
between the computer and the FPA or a loss in the ini-
tiation of data collection at subsequent retardation steps.
Thus, the collection process may either fail or some re-
tardation point(s) may not be sampled, leading to spectral
distortions. For our instrumentation, we were able to ob-
tain reliable readout and storage characteristics for a sin-
gle image in less than 60 ms/step. The total collection
time was 65 s, which compares favorably to a collection
time of 103 s using the conventional scheme. If only a
single frame of data is collected per step, the total col-
lection time for an image cube is approximately 35 s.
This compares favorably with times obtained by fast col-
lection of data using rapid scan interferometry,19 but with
the present method providing the step-scan interferomet-
ric advantage of retardation stability.

An important test of the proposed implementation is
to determine whether the fast data collection scheme re-
sults in inferior SNR data. A single beam spectrum ex-
tracted from a randomly chosen pixel is compared to a
spectrum from the same pixel at two different rates of
data collection (Fig. 3a). The data from the conventional
collection scheme (200 ms/step) and from the fast col-
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FIG. 3. (a) A comparison of the single beam spectra obtained from a
single pixel using the conventional detection scheme (200 ms/step) and
the proposed collection scheme (125 ms/step). The scale for the differ-
ence of the single beam intensities is indicated on the right ordinate and
is one-� fth the magnitude of the single beam intensity scale on the left
ordinate. (b) A comparison of the absorbance spectra obtained from a
single pixel using the conventional detection scheme (200 ms/step) and
the proposed collection scheme (125 ms/step) and their difference spec-
trum. The scale for the difference of the absorbance spectra is indicated
on the right axis and is one-� fth the magnitude of the absorbance spec-
tra scale on the left axis. (c) A comparison of the absorbance distribu-
tion of the asymmetric CH2 stretching absorbance (2929 cm21) using
the conventional detection scheme (200 ms/step) and the proposed col-
lection scheme (125 ms/step). The insert shows the average absorbance
and standard deviation (in parenthesis) for both cases.

FIG. 3. Continued.

FIG. 3. Continued.

lection scheme (125 ms/step) under the same collection
conditions differ only by noise. A difference spectrum
between the two single beam spectra shows no spectral
features above the noise level. Possible noise arising from
spikes or high/low frequency noise in the interferogram
should be easily seen as corresponding Fourier transform
features in the difference spectrum. No evidence for in-
creased noise or periodic perturbations were found in an
examination of the difference spectra from the two data
sets.

Absorbance spectra of a thin polystyrene � lm were
also similar, differing only in noise (Fig. 3b). Baseline
fringes in the absorbance spectrum are due to the constant
thickness � lm sandwiched between the two salt plates.
The fringes are faithfully reproduced in both data sets,
precluding the possibility of their origin from any noise
sources due to fast data collection. The difference spec-
trum is featureless, implying no loss of � delity. A plot
of the distribution of the aliphatic asymmetric CH2

stretching mode absorbance (;2929 cm21) over the � lm
obtained using the two collection schemes is shown in
Fig. 3c. The absorbance distributions are identical. Fring-
ing in the sample gives the distribution an appearance of
two populations and a distribution width larger than that
due to noise alone. This � nding can be readily veri� ed
by plotting a non-absorbing frequency close to the peak
and observing the same pattern.

The ef� ciency of data collection for imaging systems
may be determined by the acquisition ratio, which is a
measure of the fractional collection time per step while
radiation intensity is being detected. With current detector

technology, the collection ef� ciency for imaging systems
is 1% given the large stabilization, readout, and storage
times. In the new collection scheme, the stabilization time
is concurrent with the readout and storage times; hence,
the acquisition ratio is larger. The improvement can be
seen as a function of co-added frames in Fig. 4. The
relative advantage, plotted in the insert of Fig. 4, is de-
termined by a ratio of the acquisition ratios of the smaller
time per step to the larger time per step. The bene� ts can
be seen to decrease as the number of co-added frames
increases due to the decreasing contribution of the total
‘‘dead’’ time as a fraction of the time spent at each re-
tardation. Thus, for rapid data collection using 1 frame,
the ef� ciency is 70% greater, while for the usual collec-
tion conditions (20 frames), an improvement of 40% is
expected.

A smaller time required for data collection for every
image cube implies that the SNR obtained by time av-
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FIG. 4. A comparison of the acquisition ratio using the conventional
detection scheme (200 ms/step) and the proposed collection scheme
(125 ms/step). The insert shows the relative advantage of the new col-
lection scheme.

FIG. 5. A comparison of the SNR of spectra from a single pixel using
the conventional detection scheme (200 ms/step) and the proposed col-
lection scheme (125 ms/step) normalized to the SNR of data collected
at 20 frames for a single image cube.

eraging multiple data cubes is also more ef� cient. It has
been shown that the optimal number of frames for the
highest SNR is usually close to 20.18 For a data collection
process co-adding 20 frames per image set, the resulting
SNR possible as a function of time using both the con-
ventional method and the more rapid collection scheme
is shown in Fig. 5. Data are presented that are normalized
to the SNR for one image cube and then extrapolated
using a square root dependence of SNR on the number
of co-added image data sets. The advantages of fast col-
lection times become increasingly pronounced as more
images are averaged. A typical SNR for a spectrum ex-
tracted from a single pixel in a single image cube col-
lected in a matter of minutes is ;300. Based on the var-
iation of the SNR with numbers of co-added image sets,
a reasonable collection time of 10 minutes/sample will
yield a SNR of ;675 using the old scheme compared to
;825 for the new approach. A 20 minute collection for
the same conditions would yield a SNR of ;1200 using
the new scheme, as opposed to a SNR of ;975. This
technique also facilitates the treatment of data using de-
rivative spectral techniques and curve resolution meth-
ods. The increase in sensitivity by achieving desired � g-
ures of merit (detection limits and quanti� cation levels)
in a shorter time is apparent. Further, the faster data ac-
quisition method enhances the capability of the experi-
mentalist to monitor dynamic processes in real-time. For
example, assuming that the change in concentration dur-
ing data acquisition is over no more than a single pixel,
diffusion processes with a linear velocity of ;7.5 mm/
min may be measured compared to a limit of ;4.5 mm/
min using the conventional mode of data acquisition.

We have proposed the implementation of a general-
ized, staggered step-scan approach. Other implementa-
tions are also possible. In the present implementation,
there is no feedback from when the data is read and
stored to when the spectrometer is triggered for the next
step. Incorporation of such feedback allows for a more
robust system, but requires complicated electronics and
programming. An external trigger generator may be used

for an independent triggering of the two components
based on their internal clocks; however, such an arrange-
ment is more prone to failure if the interferometer has
small variations in its stepping rate. The methodology
presented in this manuscript offers a convenient and easy
route for staggered triggering.

CONCLUSION

A new collection scheme is proposed to conduct FT-
IR imaging experiments with the use of an FPA and a
step-scan interferometer. A substantial reduction in the
collection time per image cube is obtained. This approach
allows either the examination of more samples in a given
experimental time or permits an increased SNR by time
averaging more ef� ciently. A comparison of data ob-
tained in the analysis of the same polymer sample
showed little difference between the results obtained from
a conventional single element detector and the fast image
collection scheme. The proposed methodology allows for
more ef� cient data collection and more effective signal
averaging to improve the SNR. Signal-to-noise ratios of
over 800 should be readily achievable for most systems
in less than 10 minutes of collection time. Lastly, the
proposed scheme is easy to implement and is quite ro-
bust.
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