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Abstract. We describe the design and implementation of a long-wave
infrared �LWIR� spectrometer based on the spatial heterodyne spectros-
copy �SHS� technique, and present the first measurements of broadband
LWIR spectra taken with an SHS instrument. This work represents the
first successful application of SHS to the field of LWIR spectroscopy,
which is currently dominated by Fourier transform spectrometers, grating
spectrometers, and Fabry-Perot interferometers. A unique combination
of properties makes SHS a valuable addition to the existing types of
LWIR spectrometers. Most notable are the interferometric throughput �no
slit�, lack of moving parts, and that the measured spectra are not con-
taminated by a changing scene, which makes SHS particularly suitable
for applications in rugged environments and on moving platforms. The
instrument discussed here is called the Spatial Heterodyne Imager for
Chemicals and Atmospheric Detection �SHIMCAD�, and is designed to
cover the wavelength range between about 8.4 �m �1190 cm−1� and
11.2 �m �890 cm−1� with a spectral resolution of about 4 cm−1. First,
laboratory SHS transmission spectra of methanol and polyimide
�Kapton®� are presented. The instrument is built to be mobile, so that
ultimately field measurements can be conducted. © 2009 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3250194�
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heterodyne spectroscopy; remote sensing; atmosphere.
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Introduction

igh-resolution, passive, long-wave infrared �LWIR� spec-
roscopy has numerous civilian and military applications.

any of these applications take advantage of unique spec-
ral emission or absorption signatures of solids, liquids, and
asses in the thermal infrared. The spectral region between
bout 7 and 20 �m is known as the “fingerprint region,”
ince many of these characteristic spectral features, like
o-vibrational molecular lines, are contained in this wave-
ength interval.

Generally, different measurement techniques are em-
loyed in the LWIR depending on the specific requirements
f the application. The width of the spectral coverage �pass-
and�, spectral resolution, sensitivity, and imaging needs
re a few examples of requirements that need to be consid-
red when choosing a measurement technique or instru-
ent for a specific application. Common measurement

echniques are grating spectrometers,1 imaging and nonim-
ging Fourier transform spectrometers �FTS�,2–6 Fabry-
erot interferometers,7 and prism spectrographs.8

Here we describe the Spatial Heterodyne Imager for
hemicals and Atmospheric Detection �SHIMCAD�, a spa-

ial heterodyne spectroscopy �SHS� instrument for the
WIR. The fundamental principles underlying SHS and its
asic properties have been presented previously by Har-

091-3286/2009/$25.00 © 2009 SPIE
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lander, Reynolds, and Roesler.9 SHS was first utilized for
high spectral resolution measurements of diffuse sources in
the ultraviolet.9,10 For these applications, when compared to
other conventional spectroscopic techniques, the main ad-
vantages of SHS are the high interferometric throughput,
high spectral resolution, the compact, rugged package, and
the relaxed alignment and fabrication tolerances. Other re-
cent SHS instrument developments for the UV and visible
include spectrometers for satellite remote sensing of the
Earth’s atmosphere,11 astrophysics,12 and laboratory
spectroscopy.13 The main motivation to demonstrate SHS in
the LWIR is that SHS allows the same high throughput as a
field-widened FTS in a rugged package without moving
parts, while being insensitive to any scene changes during
the single exposure measurement. Moreover, it allows 1-D
imaging, so when used in a pushbroom-type observation,
2-D imaging can be achieved. The insensitivity to scene
changes is an important advantage over scanning tech-
niques like FTS, which require the scene to be constant
over multiple exposures. On moving platforms, like air-
planes or ground vehicles, this limitation results in the re-
quirement for very short exposures and/or motion compen-
sation with stabilization platforms, and vibration damping
for the reduction of jitter. For example, in a nadir-looking
airplane geometry, these precautions can ensure that the
instrument views the same location during the FTS scan,
but scene changes due to the view angle variation may still
October 2009/Vol. 48�10�1
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e present and may cause a contamination of the retrieved
pectrum. The fact that SHS does not need any moving
arts also avoids many difficulties in field hardening the
nstrument; that is to ensure that a rough mechanical envi-
onment does not decrease the quality of the measurement.

There was a previous attempt to use SHS in the LWIR
y a group at the Los Alamos National Laboratory. Prelimi-
ary results from this effort were published;14 however, the
roject was terminated before a broadband LWIR SHS
pectrum was successfully recorded.

The primary goals of this work are: 1. to demonstrate
hat SHS can be used for high-resolution LWIR spectros-
opy by measuring broadband spectra in the laboratory, and
. to show that a field-widened LWIR SHS interferometer
an be built in a rugged package using a mechanical struc-
ure fabricated with conventional machining tolerances and
ithout the need for postintegration alignment. In the fol-

owing sections we give a detailed description of the
HIMCAD instrument and laboratory measurements, pro-
ide some remarks on the instrumental background, and
ummarize the conclusions of this effort. The last section
lso provides a perspective on potential future work.

Instrument Description
he optical design of SHIMCAD consists of: 1. an anamor-
hic telescope that images one dimension of the scene onto
he interferometer gratings, 2. an SHS interferometer that

odulates this scene with interference fringes from which
he spectrum is derived, and 3. exit optics that transfer the
cene/fringe image onto the focal plane array. A sketch of
he imaging scheme from the telescope field of view to the
ocal plane array �FPA� is shown in Fig. 1. A scale drawing
f the entire optical train and a corresponding photograph
howing each of the subassemblies is shown in Figs. 2�a�
nd 2�b�.

.1 Telescope
he anamorphic SHIMCAD telescope consists of both cy-

indrical and spherical, antireflection coated, germanium
Ge� refractive elements. The telescope images the scene in
he vertical dimension onto the pupil of the SHS interfer-
meter assembly. In the horizontal direction the telescope
bjective is imaged onto the diffraction gratings so that
ight from every spatial point in the scene �at infinity� illu-
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ig. 1 Sketch of how SHIMCAD records spectral and spatial infor-
ation from an observed scene. The vertical dimension is imaged
n the detector, preserving the spatial information, while the hori-
ontal dimension of the scene is out of focus at the detector, so that
patial scene variations do not contaminate the spectral information.
ptical Engineering 105602-
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minates the full width of the interferometer. Any spatial
information of the scene in the horizontal dimension is
thereby averaged over each horizontal slice on the grating,
which ultimately eliminates the contamination of the spec-
tral information that is contained in the intensity modula-
tion superimposed by the interferometer in this dimension.
Thus, in the final image on the FPA, the vertical dimension
of the detector is used for spatial information and the hori-
zontal dimension is used to recover the spectral information
�see Fig. 1�.

The front aperture of the telescope is 61�20 mm and
the SHIMCAD field of view is approximately 4�4.5 deg.
The telescope is built into a vacuum chamber that has a
cooled field stop that limits the speed of the beam onto the
grating to f/6.3 in the horizontal �spectral� dimension, and
to f/2 in the vertical �imaging� dimension. The speed of the
beam onto the grating in the vertical �imaging� dimension
was chosen to match the fastest beam the detector assembly
could accept. In the horizontal �spectral� dimension the
speed of the beam is limited to f/6.3 to avoid background
signal from unwanted, higher grating orders.

Also located in the imaging telescope is a cooled, broad-
band interference filter with a spectral passband that
matches the width of a single interferometer side band �see
Table 1 in Sec. 2.2 for filter and instrument passband speci-
fications�. A thermoelectric cooler �TEC� in the telescope
cools both the field stop and filter to −10 °C. Except for the
mercury cadmium telluride �MCT� detector, none of the
other SHIMCAD components are cooled.

2.2 Interferometer
A sketch of the optical components of the SHIMCAD in-
terferometer and raytrace is shown in Fig. 3. The interfer-
ometer comprises a compensated ZnSe 50 /50 beamsplitter
�BS�, antireflection coated Ge field-widening prisms �P1

Telescope

SHS
Interferometer

Exit Optics

Imaging MCT
Detector

0 100 200
[mm]

300 400

MCT Detector

Exit Optics

SHS Interferometer

Telescope

a

b

Fig. 2 �a� Scale drawing of the SHIMCAD optics comprising the
telescope, field-widened interferometer, exit optics, and imaging de-
tector. �b� Photograph of SHIMCAD optics. The entrance aperture is
located on the right of the telescope.
October 2009/Vol. 48�10�2
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nd P2�, and reflective diffraction gratings �G1 and G2�.
he interferometer’s beamsplitter is used with a 30-deg
ngle of incidence to minimize polarization effects and
herefore maximize the signal-to-noise ratio of the mea-
urement.

The ray trace was performed using Zemax �Zemax,
ellevue, Washington�. The individual arms are treated as

eparate configurations and are subsequently superposed.
ll wavelengths enter the interferometer from the telescope

lower left of Fig. 3� with the same beam footprint. The
ncrease in beam size at the exit of the interferometer is due
o dispersion occurring at the diffraction gratings.

Table 1 Spectrometer design specifications.

Parameter Design value

elescope

Field of view 4 deg�h��4.5 deg�v�

Aperature size 61 mm�h��20 mm�v�

Filter temperature −10 °C

Filter blue cut-on �T=20% � 1196 cm−1 �as built�

Filter red cut-off �T=20% � 862 cm−1 �as built�

nterferometer

Beamsplitter ZnSe �compensated�

Gratings

Grating angle 7.24 deg

Grating groove density 30 mm−1

Illuminated grating area 9.6 mm�h��7.2 mm�v�

Field of view at the gratings 28.07 deg�h��9.08 deg�v�
�full angle�

Prisms

Prisms size 20 mm�h��15 mm�v�

Prism thickness �at center� 5.0 mm±0.0 mm

Prism apex angle 1.9 deg

Prism angle of incident 4.1 deg

aximum resolution �unapodized� 2 cm−1

aximum passband 870 to 1190 cm−1

tendue 4.7�10−5 m2 sr

ittrow wavenumber 1190 cm−1

CT detector

Size and pitch 320�240, 30 �m

FPA operating temperature 70 K
ptical Engineering 105602-
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The gratings of the interferometer are used in first order
and tilted by 7.24 deg, the Littrow angle for �=8.4 �m
��=1190 cm−1�. Consequently, signal at the Littrow wave-
length produces a fringe pattern with zero spatial frequency
at the detector. A signal with �=11.5 �m ��=870 cm−1�
produces a fringe pattern with 160 fringes across the width
of the detector. This corresponds to the Nyquist limit of
observable fringes, as the detector has 320 pixels in the
spectral �horizontal� dimension. Table 1 summarizes some
important design parameters of the SHIMCAD spectrom-
eter.

The interferometer’s primary mechanical structure is
machined out of aluminum. Critical dimensions were fab-
ricated with a tolerance requirement of 13 �m
��1 /2000 in.�, which is achievable with current state of
the art computer numerical controlled �CNC� machines.
The structure is constructed in two halves that sandwich the
beamsplitter and compensator plate. The prisms are regis-
tered to this beamsplitter assembly, and a wedged hollow
aluminum spacer in each arm between the prism and grat-
ing provides the alignment between them. The prism,
spacer, and grating assembly is held in compression with a
spring-loaded plunger system that keeps the elements reg-
istered to three position pads in each interferometer arm.
This mechanical design proved to be effective in accurately
aligning both arms of the interferometer to within machine
tolerances, so that no external adjustments were required.
When assembled, the aluminum structure and optical ele-
ments form a rugged, compact, field-widened interferom-
eter.

For an SHS interferometer, the spectral resolution, or the
distance between two independent spectral samples ��, is
the inverse of twice the maximum optical path difference
measured in the interferogram, similar to a conventional
Fourier transform spectrometer.9,15 When an apodizing
function is applied to the interferogram, to minimize side
lobes of the instrumental line shape function, the resolution
is reduced depending on which function is used.16,17

Fig. 3 Schematic of the SHIMCAD interferometer showing a ray
bundle received from the input telescope and the output ray bundle
feeding into the exit optics. The input beam consists of all wave-
lengths in the instrument passband and is dispersed by the gratings,
resulting in a wider beam pattern at the interferometer exit. �BS:
ZnSe compensated beamsplitter; P1/2: germanium field widening
prism; G1/2: grating.�
October 2009/Vol. 48�10�3
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Typically, the resolution of SHS instruments is specified
sing the resolving power, which is the ratio of �� and the
bserved wavenumber �R=�� /��.9 This is most appropri-
te for instruments with narrow passbands where the rela-
ive change of � is small within the passband. SHIMCAD,
owever, covers a comparatively wide passband, so it is
ore appropriate to specify its resolution using the constant

istance between independent spectral samples or the full
idth at half maximum of the instrumental line shape func-

ion. �Strictly speaking, the sample width in an SHS instru-
ent is not constant due to the nonlinearity of the grating

quation, but even for this relatively broadband instrument,
his effect is very small.�

For most SHS instruments, including SHIMCAD, the
pectral resolution is dominated by the grating dispersion,
ith the field widening prisms making only a small contri-
ution. Without interferogram apodization, SHIMCAD was
esigned to a have a resolution of 2 cm−1. As discussed in
ec. 3, we applied a Hamming apodizing function to the
easured data, which suppresses the side lobes of the in-

trumental line shape function and decreases the resolution
y a factor of about 1.8.16,17 Thus, SHIMCAD is expected
o achieve a resolution of about 4 cm−1.

It is important to note that without field widening the
eam divergence at the gratings for this resolution would
e limited to a full angle of 6.73 deg �f/8.5� in both dimen-
ions. The resulting etendue gain for SHIMCAD when
ompared to a nonfield-widened interferometer is approxi-
ately 5.7.

.3 Exit Optics and Detector
he SHIMCAD exit optics reimage the scene from the
ratings onto the detector with unit magnification, and cor-
ect for astigmatism introduced by the compensated plate
eamsplitter in the interferometer. The detector is a mer-
ury cadmium telluride �MCT� focal plane array manufac-
ured by Cedip, model Jade VLWIR, with 320

240 pixels and a pixel pitch of 30 �m. The focal plane
rray is cooled to 70 K using an internal sterling cooler.
he Jade camera has a cold vacuum shroud surrounding the
PA, which limits the maximum speed of the incoming
eam to a full angle of 28.07 deg �f/2�.

Laboratory Measurements
ransmittance measurements of two sample types were ac-
uired with SHIMCAD, providing the first broadband
WIR spectra measured by a spatial heterodyne spectros-
opy instrument. First, the transmittance of a direct path
bsorption cell, filled with different amounts of methanol
as, was measured. Second, transmittance features of a thin
lm of polyimide �Kapton®, Dupont Electronics, Wilming-

on, Delaware� were measured. Both sample types have dis-
inct absorption features within the SHIMCAD passband,
hich allow the determination and verification of the Lit-

row wavenumber and the spectral sampling of the as-built
nterferometer.

In the following section we discuss the measurement
pproach, which is identical for both sample types, and the
ndividual results.
ptical Engineering 105602-
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3.1 Measurement Approach

For all measurements discussed here, the SHIMCAD en-
trance aperture was reduced by about 35% to 40�20 mm
to match the clear aperture of the direct path absorption cell
used for the methanol sample. This reduction was accom-
plished by a single room temperature iris directly in front of
the telescope. Thus, the blocked part of the telescope pre-
sented a constant, room temperature background contribu-
tion.

The samples were placed between the telescope aperture
and a 100 °C blackbody source �CI systems, model CI-
SR80, 9�9 cm, CI Systems, Simi Valley, California�. All
transmittances T were determined using “source-off” cor-
rected measurements:

T =
BS

on − BS
off

B0
on − B0

off , �1�

where BS
on and B0

on are measurements with the instrument
viewing the blackbody source through the sample �filled
cell or Kapton®� and without the sample �empty cell or no
Kapton®�, respectively. BS

off and B0
off are “source-off” mea-

surements with and without the sample and the blackbody
source blocked by a virtually nonemitting cold surface. We
used a sheet of Eccosorb® �Emerson and Cumings Micro-
wave Products, Randolf, Massachusetts�, a porous micro-
wave absorber, soaked in liquid nitrogen �77 K� for this
cold surface. Since the spectral radiance of a 77 K black-
body radiation around 1000 cm−1 is more than a million
times lower than that at room temperature, we assume that
this cold surface does not emit within the SHIMCAD pass-
band. The source-off correction can be performed in the
interferogram or the spectral domain. We chose to perform
it in the interferogram domain.

Using the approach of Eq. �1� eliminates any contribu-
tions from the emission of the sample itself and contribu-
tions from portions of the field of view that do not view
through the sample, both of which would contaminate the
result.

Individual measurements were taken with an integration
time of 400 �s, and averages of 400 exposures were
formed to increase the signal-to-noise ratio. Thus, the total
integration time of each measurement was 160 ms, and the
total measurement time for each average was about 7 s.

The measurements were also flat-field corrected, using
the “unbalanced arm” flat fielding approach described by
Englert and Harlander.18 This approach requires two addi-
tional measurements, each with one of the interferometer
arms blocked. To accomplish these measurements, we
again used an Eccosorb® strip, soaked in liquid nitrogen,
and inserted it between the beamsplitter and the field-
widening prisms.

Corrected interferograms were transformed into power
spectra, removing any phase information. Thus, the inter-
ferograms were not phase corrected prior to the transforma-
tion. Phase correction can generally be performed on
SHIMCAD data and is expected to further increase the
signal-to-noise ratio of the spectra.19
October 2009/Vol. 48�10�4
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.2 Methanol
ethanol was chosen as a sample gas, since it has a strong

o-vibrational band within the SHIMCAD passband. The
bsorption features of this band originate mainly from the
undamental CO stretch mode. Furthermore, methanol is
asy to handle in the laboratory. The measurements were
erformed using a 50-mm-long, direct path absorption cell
ith a clear aperture of 41 mm. The cell windows were
ade of broadband antireflection coated germanium, and it
as equipped with pressure and temperature sensors.
Examples of source-off and flat field corrected interfero-

rams are shown in Fig. 4�a� for an empty cell and a metha-
ol pressure of 26.9 hPa �full cell�. Note that the interfero-
rams shown here represent data gathered from only a
ingle row of the focal plane array. The zero path location
s easily identified as the interferogram spike around pixel
umber 180, close to the middle of the 320-pixel-wide
PA. The shape of the spike is an indication of a phase

ssue due to a slight misalignment of the gratings, which is
ommonly seen in the phase of SHS interferograms and, in
eneral, does not have any negative impact on the measure-
ents. Effects related to the fringe phase due to minor mis-

lignments, optical defects, or index inhomogeneities can,
n fact, be easily corrected during the data analysis.10,19 As
entioned before, only the power spectra are calculated

rom the interferograms, thus phase shifts do not propagate
nto the spectra.

As shown in Fig. 4�a� away from the zero path location,
he corrected interferograms are not flat, as expected for a
roadband source. This is likely due to the fact that the flat
eld measurements are not perfect, and possibly also due to

nstrument drifts between the measurements. Assuming that

ig. 4 �a� Source-off and flat field corrected single row interfero-
rams for an empty cell and a methanol pressure of 26.9 hPa. �b�
ower spectra of the interferograms shown in �a�. The unresolved
and structure of the methanol absorption is clearly visible in the
full cell” spectrum.
ptical Engineering 105602-
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this effect is multiplicative in the interferogram domain, it
will result in a slight change of the instrumental line shape
function in the spectral domain.

Lastly, we point out that we used a Hamming function to
apodize the interferograrm, and we truncated the interfero-
gram at the highest optical path differences because the
illumination at these locations was poor. This results in a
slight reduction of resolution.

Figure 4�b� shows the power spectra of the interfero-
grams in Fig. 4�a�. The methanol absorption band is clearly
visible. Also noteworthy is the decline in signal for increas-
ing spectral sample number, which is equivalent to decreas-
ing fringe modulation for increasing fringe frequency in the
interferogram. The steep decline could be due to the fact
that the exit optics are not optimally focused or an internal
alignment problem of the exit optics, which degrades its
modulation transfer function.

Since SHIMCAD uses a 2-D detector array, each expo-
sure allows the calculation of a transmittance spectrum for
each row of the FPA. Figure 5�a� shows a grayscale image
of all 240 transmittance spectra. Since the setup we used
did not contain any spatial information in the vertical di-
mension, which is imaged on the FPA, the spectra are vir-
tually identical for each row. The small number of rows that
appear to contain different spectral information are con-
taminated by single, defective pixels that are not properly

Fig. 5 �a� Methanol transmittance spectra calculated for the dataset
shown in Fig. 4. All 240 rows are displayed. �b� Average of 55 rows.
October 2009/Vol. 48�10�5
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orrected during the flat fielding process. These effects can
asily be eliminated with a more sophisticated flat fielding
lgorithm.

Figure 5�b� shows an average of 55 rows that are not
ffected by the previously mentioned flat fielding issues.
gain, the methanol absorption band structure is clearly
isible. It is also apparent that there is a slight baseline drift
ver the period of time the measurements for this transmit-
ance spectrum were taken, since the transmittance values
xceed unity.

Methanol transmittance measurements were conducted
or a total of nine different pressures. Due to the unreliabil-
ty of the pressure sensor at low pressures and the increas-
ng opacity of the sample for higher pressures, the cell pres-
ures for these measurements range from 6.9 to 59.9 hPa.
igure 6 shows the results for all nine measurements. For

his figure, the measurements were baseline corrected using
best fit, multiplicative, linear baseline to account for the

light instrument drift.
Also shown in Fig. 6 are best fit theoretical transmit-

ance spectra. To find the best fitting spectra, we used a
onlinear least squares fit algorithm with the following pa-
ameters: baseline offset, baseline slope, Littrow wavenum-
er, sample spacing, and the pressure in the cell. Methanol
bsorption cross sections with a resolution of 0.125 cm−1,
ublished by the National Institute of Standards, were used
n the fit algorithm.20 We determined the Littrow wavenum-
er to be 1172.35 ��1.34� cm−1 and the sample spacing to
e 2.06 ��0.02� cm−1, both of which are sufficiently close
o the design values �see Table 1�. It is worth noting that the

Fig. 6 �a� through �i� Baseline corrected metha
shown in black. The gray lines are best fit theo
sample spacing, baseline offset and slope, an
algorithm. Cross sections were taken from NIST
ptical Engineering 105602-
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Littrow wavenumber is just slightly on the long wavelength
side of the short wavelength cut-off of the filter. This results
in a contamination of about the first 20 spectral samples,
since for those, signal from both sides of the Littrow wave-
number is superposed. However, the first several samples
of a conventional, single side band SHS spectrum are often
not used anyway, due to the typically low filter transmit-
tance and the potential contamination by low frequency
noise.

For the fit of the data shown in Fig. 6, the instrumental
line shape function was assumed to be Gaussian in shape,
with a full width at half maximum of 4 cm−1, allowing for
the decrease in spectral resolution due to the interferogram
apodization with a Hamming function. Unfortunately, the
broad features of the unresolved methanol absorption spec-
trum do not allow us to determine the exact value of the
instrumental line width by including it as a parameter into
the fitting algorithm.

Figure 7 shows the cell pressures retrieved from the
transmittance measurements versus the pressures measured
by the pressure sensor of the absorption cell. Even though
the pressures show a very good linear correlation, a linear
fit to the data shows a nonzero offset and a slope that is
significantly different from unity. This result is likely due to
a combination of the following effects. First, the measure-
ments are not optically thin; the cross sections used for the
fit were measured at one atmosphere and the absorption
lines in the cross section measurement are not fully re-
solved at 0.125 cm−1. Second, a nonzero offset of the pres-
sure sensor at small pressures cannot be ruled out. Third,

smittance spectra measured by SHIMCAD are
transmittance curves. The Littrow wavelength,
pressure were used as parameters in the fit
nol tran
retical
d cell
.20
October 2009/Vol. 48�10�6
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ultiple passes through the cell, caused by partial reflection
n the cell windows, which are effectively increasing the
ell length, cannot be ruled out.

Clearly, our simple setup and analysis approach does not
arrant any high accuracy quantitative analysis of this
ethanol absorption data. That would require much more

are in cell design, pressure, and temperature instrumenta-
ion, optically thin measurements, and more suitable cross
ection data. However, these data are surely well suited to
emonstrate the feasibility of spatial heterodyne spectros-
opy for the LWIR, which was the main goal of this work.

.3 Kapton® Spectrum
he second sample type measured for this work was a
5-�m-thick polyimide �Kapton®� foil. Measuring the ex-
ernal transmittance of a foil eliminates any issues with
bsorption cell windows; however, reflections on both sur-
aces of the foil and ensuing multiple beam paths within the
oil cause the well known effect of channel spectra that
resent a significant contribution to the external transmit-
ance. Moreover, this effect depends on the incident angle
f the transmitting beam and the distribution of intensity
ersus angle within the beam. Recognizing these nontrivial
ffects, we are seeking a qualitative comparison of a
HIMCAD measurement to an independent measurement.
or this purpose, we use a measurement performed by a
ourier transform spectrometer.

Figure 8 shows the FTS and SHIMCAD measurements
or comparison. The main features of the polyimide absorp-
ion shown in the FTS measurement are clearly well repro-
uced by the SHIMCAD measurement. Again, due to the
ifferent beam geometry, the measurements are not ex-
ected to yield identical transmittance spectra.

The spectral scale of the SHIMCAD measurement
hown in Fig. 8�b� is calculated using the Littrow wave-
umber and sample spacing determined from the methanol
easurements.

Instrumental Background
or LWIR spectrometers that comprise a room temperature
tructure and optics, special care has to be taken in the
esign to avoid large instrumental background signals that
enerally decrease the signal-to-noise ratio of the measure-

ig. 7 Methanol pressure determined from the cell pressure sensor
ersus the methanol pressure determined by the nonlinear least
quares fit to the transmittance spectra shown in Fig. 6. The solid

ine is a fit through the measured points. The dashed line indicates a
erfect correlation.
ptical Engineering 105602-
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ment. As discussed in Sec. 2, the goal in the SHIMCAD
optical design was to minimize the background signal by
cooling only the interference filter and field stop. Further-
more, we tried to optimize the imaging optics between the
interferometer and the detector, so that the f/2 beam ac-
cepted by the camera assembly comprises only parts that
pass through the telescope and parts that view either the
cooled field stop or are reflected back into the cooled de-
tector dewar. This way the signal from the room tempera-
ture interferometer structure should be minimized.

To assess the instrumental background signal, we made
measurements of a cold blackbody source �Eccosorb®

soaked with liquid nitrogen� at several positions in the op-
tical train. Using the mean signal readout from the detector
array as a measure of the signal incident on the focal plane
array, we found the following relative background and sig-
nal contributions: the camera assembly contributes 28%,
the exit optics contribute 34%, the interferometer 8%, the
telescope 3%, and a room temperature scene contributes
26% to the total signal incident on the detector.

Two major conclusions can be drawn from this result.
First, the contribution from in-band and out-of-band light
that is emitted by the interferometer gratings or originates
at the room temperature surfaces of the spectrometer struc-
ture and is scattered and diffracted onto the field of view of
the detector pixels by the interferometer is consistent with
high efficiency gratings, and thus does not dominate the
total signal. Second, the performance of the exit optics is
not as high as expected. The reason for its high background
contribution �34%� needs to be investigated and is antici-
pated to lead to an improved exit optics design. This effort,
however, is out of the scope of this work.

Assuming pure shot noise, a constant signal from the
observed scene, and a constant integration time, the noise
equivalent spectral radiance �NESR� of the measurement is
proportional to the square root of the inverse of the total
signal detected at the imaging array. Therefore, if for ex-
ample, the exit optics contribution can be reduced from 34
to 5%, the NESR would be reduced by about 16%. The

Fig. 8 �a� Polyimide �Kapton®� 25-�m-thick film external transmit-
tance measured with a FTS �Bruker� at 1-cm−1 resolution. �b� Exter-
nal transmittance of the same sample measured by SHIMCAD.
Qualitatively the measurements match very well. Since the beam
geometry and sample orientation are slightly different for both mea-
surements, they are not expected to be identical.
October 2009/Vol. 48�10�7
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limination of all instrumental background sources would
esult in an NESR reduction of about 50%. These estimates
re based purely on shot noise and do not include read
oise or systematic uncertainties introduced by the radio-
etric calibration, instrument drifts, flat fielding, or phase

istortion corrections.

Conclusions
e present the design and implementation of an LWIR

HS interferometer. We also show and discuss the first suc-
essful, broadband, SHS LWIR measurements, which es-
ablish SHS within the field of LWIR spectroscopy.

The SHS interferometer used here exhibits a rugged
onolithic design, in which all components are self aligned

nd held in compression. The interferometer is designed
ithout any option of postintegration alignment, and it is

hown successfully that conventional machine tolerances
re sufficient to assure proper alignment of the optical com-
onents.

The transmittance of two sample types, a direct path
bsorption cell filled with methanol and a polyimid foil
ample, are measured and the data analysis is discussed.
or both sample types, the measurement results success-
ully demonstrate the feasibility of using SHS in the LWIR.
ystematic sample properties like potential multipath
eams in the absorption cell and foil sample, opacity issues,
nd available cross section resolution prevented a more
uantitative verification of the measurements; however, this
as not the goal of this work and is ultimately out of the

cope for this project.
Two specific spectrometer issues were identified that can

nd should be addressed in future work: 1. higher than
xpected instrumental background, and 2. sensitivity de-
rease for high spatial frequencies, possibly due to the exit
ptics modulation transfer function or focus.

In addition to these remaining instrument issues, future
ork should include field measurements, the detailed inves-

igation of instrument stability, and the required frequency
f calibration measurements. Ultimately, a field hardened
HS LWIR instrument is envisioned, taking advantage of

he specific SHS properties that make it attractive for ap-
lications in rugged environments and on moving plat-
orms. Namely, the inherent ruggedness, lack of moving
arts, and insensitivity to a changing scene, avoiding the
eed for stabilized pointing and staring platforms.
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