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Fig. F.4: FIRST interferometer shown mounted in the LNy dewar.

wide-band beam splitter were the main emphasis of the FIRST sensor IIP design.

The interferometer with its high throughput optics and beam splitter is shown in
fig. F.4. The FIRST instrument is a plane-mirror Michelson design with a throughput
of 0.47 cm? steradian and a beam diameter of 7cm. Previous SDL designs had beam
diameters of 5cm. The moving mirror of the interferometer scanned over a double-sided

optical path difference of +0.8 cm to give a nominal resolution of 0.625 cm™!.

The scan
period during flight was 8.6 seconds although it could have been set to any period between
8.6 and 1.4 seconds depending on desired detector sample intervals.

The design of the broadband beam splitter integrated into the FIRST interferometer
was based on research described by Dobrowolski [5]. The beam splitter was fabricated using
an electron beam evaporation technique to deposit approximately 1.05um of germanium
onto a 3.5 um polypropylene film. Polypropylene was selected as the substrate material for

the beam splitter and the isolation windows because it had the fewest absorption features

in the passband.
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Fig. F.5: FIRST beam splitter.

The clear diameter of the finished beam splitter was 17.8 cm. It was reduced to 12.8 cm
when mounted in the interferometer. The performance of the flight beam splitter was tested
with the Smithsonian Astrophysical Observatory FIRS-4 spectrometer [58] to insure proper
wavelength response over the 100 to 1,000 wavenumber operational band of the FIRST
sensor. Because of concerns about placing a clear area in the main beam splitter to pass
the beam from the helium-neon laser, a second independent metrology interferometer was
designed to derive the spatial sampling signal for the sensor.

The collimated output of the signal interferometer was focused by aft optics, (shown
as the thin blue lines in fig. F.3), onto an array of Winston cone flux concentrators in the
detector dewar [59]. The cones direct infrared signal energy to discrete micro-bolometers
set into individual integration cavities. The focal plane concept for a FIRST satellite sensor
proposed 100 Winston cone/micro-bolometers arranged in a 10x 10 grid. The sub-populated
focal plane array (FPA) for FIRST is shown in fig. F.6.

A fully populated FPA would give a 100 km square cross-track footprint on the surface
of the Earth from a satellite in low Earth orbit. For the FIRST demonstration, only

10 Winston cone/micro-bolometers were installed on the 3.75 cm square focal plane (two
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Fig. F.6: The ten Winston cone/bolometers of the sub-populated FIRST FPA. The Winston
cone for detector one is just to the left of center. The top of the array is to the right.

detectors at each corner and two in the center). Detector one is the Winston cone just left

of center in the figure.

F.1 FIRST Characterization and Calibration

Before flight the sensor was subjected to a comprehensive characterization and cali-
bration regime to prepare the instrument for flight [60]. The FIRST characterization and
calibration procedure measured dark currents, trends, SNR, transient behavior, absolute
responsivity, linearity correction, and point response measurements to obtain wavelength
scale verification and instrument line shape. The FTS system used in FIRST has a well-
understood instrument line shape (ILS), depending mainly on the wavelength of the laser
used for sampling and the geometry of the focal plane relative to the interferometer axis.
System linearity correction was critical for sounder spectral measurements. This was mea-
sured using a small signal response vs. signal level data set collected with SDL’s Multifunc-

tion Infrared Calibrator version 2 (MIC 2) [61,62].
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Fig. F.7: FIRST sensor aboard flight gondola.

F.2 FIRST Flight Description

Figure F.7 shows the FIRST sensor installed in the NASA gondola. The white cylin-
der is the environmental control enclosure (ECE) that housed the commercial-off-the-self
(COTS) electronics and computers needed to operate the sensor. Its design and perfor-
mance are described in detail in a final report submitted to NASA Langley [3]. The lithium
batteries that powered the gondola are installed on the shelf above the sensor dewar and
ECE.

The next figure (fig. F.8) shows FIRST lifting off headed for a float altitude of about
35km. The fully inflated balloon is shown in fig. F.9 with the gondola appearing as the
white dot below the balloon. Dark space is seen above the balloon. The data collected from
this view along with the data from the blackbody view are used in the calibration sequence
to produce the final radiance spectra.

The recovered gondola is shown in fig. F.10 with more than 15,000 interferograms

recorded on the hard drive of the flight computer.
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Fig. F.8: Launch of the FIRST sensor on the morning of June 7, 2005.

F.3 FIRST Flight Data Reduction

The FIRST FTS was tasked to meet two primary and two secondary goals during the
sensor’s IIP flight. The first goal was met when FIRST’s high-throughput interferometer
fully illuminated the focal plane of the sensor. The second goal was achieved by show-
ing satisfactory performance of the sensor over the full 10 to 100 pm range of the FTS.
Secondary design goals included a demonstration of sensor performance with a simulated
passive thermal system operating at 180 K and the achievement of sensor noise equivalent
temperature differences (NETDs) of, at most, 0.5K over a range of 100 to 170 cm~! and
0.2K from 170 to 1,000 cm~".

Anticipating the calibration of FIRST spectra data, the scene select mirror was peri-
odically rotated between the three available radiometric scenes collecting 15 down-looking
scans observing the Earth, the Troposphere, the Tropopause and the lower portion of the
stratosphere. This was followed by five up-looking scans, and five blackbody scans. This
routine continued until the early afternoon when the script changed to 40 down-looking
with five up-looking cold views and five blackbody views. This pattern was repeated for the

remainder of the afternoon until the sensor was cut-down at approximately 6 p.m. local.
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Fig. F.9: A typical gondola at float at the edge of space with the balloon fully inflated.

Because wind velocities aloft were low during the flight, the sensor remained within
80km of the launch point. Figure F.11 shows two 50 to 2,000 cm™"! spectra recorded on
a central detector (A) and a corner detector (B). Comparing A with B shows essentially
identical transforms that demonstrate the high throughput capabilities of the FIRST FTS
and the wide-band performance of the beam splitter. The data above 700 cm™! are plotted
with gaps inserted where significant absorptions have reduced the signals below a point
where they could be accurately calibrated. Planck functions are super-imposed on the
panels to allow estimations of brightness temperatures. The two spectra confirmed that the
FIRST sensor had the required optical throughput and technical readiness level to qualify
the design as ready to collect data world-wide from a LEO satellite.

An initial assessment of the calibration accuracy of the FIRST spectral radiances was
made by looking at the atmospheric window region (800 to 1,000 wavenumbers) and compar-
ing these with measurements recorded by instruments on the Aqua satellite. The FIRST
radiance at 900 wavenumbers of 0.15 Vch_lsr_l(cm_l)_1 corresponds to a blackbody
surface skin temperature of 318 Kelvin. At first this seems quite high, but the FIRST

flight occurred with cloudless skies on a warm day with air temperatures above 305 K.
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Fig. F.10: Inspection of the gondola and the sensor after their eight hour flight across the
high plains of New Mexico.

The radiance recorded by the CERES instrument in its window channel (covering 877 to

1,227 wavenumbers, spectrally integrated) was 41.75 Wem ™ tsr—!(em=1)~

' Line- by-line

radiative transfer calculations [6] simulating the CERES measurement and incorporating

surface temperatures of 318 K and 297K with an atmospheric temperature profile from

a radiosonde launched at Albuquerque, New Mexico, yielded spectral radiances of 41.83

Wcm_lsr_l(cm_l)_l, and 30.76 Wcm_lsr_l(cm_l)_l, respectively, confirming the surface

temperature of 318 K derived from FIRST and therefore provides an independent validation
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Fig. F.12: Comparison of FIRST and AIRS spectral data.

of the ground calibration of FIRST.

A direct comparison of surface skin temperature is available using data from the AIRS
instrument. The AIRS database records 4 fields-of-view that are centered 52 km, 46 km,
37 km and 77 km from the location of FIRST. The skin temperatures in the 4 fields are
318.5 K, 314.8 K, 319.0 K, and 311.4 K, respectively. The AIRS observation closest to the
FIRST location is within a degree of the FIRST observation. A key point to remember is
that the AIRS field of view is about 4900 times larger than the FIRST field of view (14 km
diameter vs. 0.2 km diameter.)

Results showed that FIRST was accurately calibrated, perhaps to better than 1 K. With
the focus of FIRST on the far-infrared, fig. F.12 shows a FIRST spectrum from 40 and 600
wavenumbers compared with a spectrum measured by the AIRS sensor. The two show
excellent agreement except for the absorption feature at 842 wavenumbers. Also shown,
in fig. F.13, is a spectrum computed with line-by-line (LBL) radiative transfer code (at
0.625 wavenumber resolution) using as inputs, the coincident profiles of temperature and
moisture from AIRS. The calculated spectrum is offset by -0.05 radiance units, allowing
visual inspection and comparison of the spectral structure of the FIRST measurements

against the calculation. Figure F.14 shows the difference between a far-infrared spectrum



121

FIEST Radiance June 7 2005 14:25 UT
[T L L B L B BN B BRI B LI I I
0.15

0.13
0.11
0.09 FIRST Measured Radiance
.07

0.05

0.03
0.01

Radiance (W m™ sr™' (em™)7)

-0.01

—0.03 LbL - 0.05

—0.0b AN DS T I EE B ST R

50 100 150 200 250 300 350 400 450 500 550 600
Wavenumber {cm™}

<

Fig. F.13: Differences between FIRST spectrum and line-by-line model.

measured by FIRST and a spectrum computed using a line-by-line model. The LBL used
ARIS temperature and moisture data as inputs.

The FIRST data are a single measured spectrum, i.e., no averaging of multiple spectra
has been done. As is evident, FIRST picks up the fine features in the spectra predicted by
radiative transfer theory over the 40 and 600 wavenumbers range. The data show remarkable

fidelity with theory in the overall magnitude and structure of the far-infrared.
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Fig. F.14: Differences between FIRST spectrum and line-by-line model.
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