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FOREWORD

Dimensional quantities are given in SI Units except for altitudes,
which are given in feet to correspond to altimeter readings. To
convert from feet to meters, multiply the value in feet by 0.3048.
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1.0 INTRODUCTION

This report describes the results of a 2-1/2 year analytical, instru-
ment development, feasibility demonstration, and flight-test program aimed
at verifying that a new type of infrared radiometer can be employed to re-
motely monitor the concentration and vertical distribution of selected atmo-
spheric species. The dual-channel Infrared Heterodyne Radiometer (IHR)
was developed and flight tested under NASA's Advanced Applications Flight
Experiment Office sponsorship. Based on the results of this program, it
has been demonstrated that an THR can be employed to remotely detect, mon-
itor and track the concentration, vertical distribution, and spatial extent of
natural and man-made atmospheric molecular constituents having a vibra-
tional-rotational spectral line which overlaps the emission wavelength of the
laser local oscillator source in the THR. The IHR developed on this program
utilizes CO2 gas lasers which emit in discrete portions of the 9 to 11 um

wavelength region. Ongoing work with widely tunable semiconductor laser
local oscillators offers the potential of covering a significantly larger por-
tion of the infrared spectrum as well as most atmospheric species of interest
with the next generation of IHR's.

A variety of atmospheric radiance and absorption measurements have

been previously carried out using direct detection infrared radiometers. 1,

However, recent development of wideband heterodyne detection techniques
makes such measurements possible with nearly quantum-noise-limited sen-

sitivity and ultrafine spectral resolution. 3-6 These features are of particular
significance in remote sensing of atmospheric and pollutant gases where low-
level spectral absorptions (emissions) exist in a background of other inter-

fering gases. IHR spectral resolutions ranging from 1074 t0 6.7 x 1072 ¢cm™!
are possible, and provide the capability of examining individual atmospheric
vibrational-rotational spectral (signature) lines. High spectral resolution
heterodyne measurements of solar and astronomical radiances have been

7-12

reported. ' Several analyses illustrating the use of heterodyne detection

for remote sensing of gas concentrations have been reported. 13-17 In partic-

ular, the potential of heterodyne measurements for inferring pollutant gas

profiles from satellite measurements of atmospheric emissionsl4 and from



measurements of reflected laser (hot source) absorptionls’ 16

discussed.

have been

The THR developed on this program employs two independent infra-
red channels. It utilizes a common collecting aperture, a common Dicke
switch, and a common reference/calibration network, Each infrared chan-
nel of the THR contains a wideband PV:HgCdTe photomixer, a CO:2 local

oscillator (LO), and a wideband IF preamplifier,

The Dicke-switched ITHR has been employed in both the solar absorp-
tion (SA) and the nadir radiance (NR) modes. In the SA mode, the IHR uses
the sun as a back lighting thermal source for narrowband atmospheric ab-
sorption measurements of individual atmospheric spectral lines. In the NR
mode, the IHR is pointed downward toward the earth's surface from an air-
borne platform and views the upwelling thermal radiance from the earth and
the intervening atmosphere. Operation in the Limb Radiance and Solar Oc-
cultation modes, from the ground, have also been investigated.

The THR employs an infrared channel which is selected to: (1) pro-

vide a reference radiance level of source irradiance which is in close spec-
tral proximity to the atmospheric spectral line of interest and (2) be free of
the degrading effects of other potentially interfering atmospheric gases, The
other infrared channel of the IHR is chosen to overlap a single isolated vibra-
tional-rotational spectral line of the selected atmospheric species. The pol-
lutant IF bandwidth is split into a number of narrower channels which provide
fine spectral resolution of the selected spectral line. This fine spectral data
of the THR is then used to generate vertical concentration profiles of the mea-
sured atmospheric gas using radiance inversion and line profile tech-

13-17

Ammonia (NH3) and ozone (03) were chosen as the two atmospheric

gases for the THR feasibility demonstration. These gases are both important
in studies of atmospheric processes and atmospheric pollution. In addition,
tropospheric measurement data, particularly in the case of NH3, are limited.

Atmospheric ammonia is involved in aerosol production18 and may constitute
a significant source or sink in NOX chemistry. 19 Tropospheric ozone accounts

for much of the pollution injury to vegetat:lon20 and excessive ozone levels are

considered evidence of photochemical smog formation. 21

Both ground-based and airborne THR measurements have been carried
out in order to verify the feasibility of obtaining remote profiles using this new
radiometric instrument. The ground-based THR measurements were carried



out at AIL, Melville, New York utilizing a solar tracking heliostat. The
assembled IHR in the ground-based AIL solar observatory is shown in Fig-
ure 1-1. The IHR includes the optical package, four radiometric pro-
cessors, the photomixer control and laser monitor panel, the reference/
calibration black body and laser power supplies, the data management net-
work, analog recorders, and digital recorders. The THR was designed for
both ground-based measurements and for operation in the NASA CV-990
test aircraft. Laboratory absorption measurements using an ammonia test
cell and solar atmospheric absorption measurements of ammonia have been
carried out. In March 1976, the first tropospheric ammonia profiling mea-
surements were carried out using the newly developed IHR. Following the
ground-based SA ammonia measurements, the THR was converted to permit
ground-based SA measurement of ozone by changing the gas fill of the CO2

laser local oscillators.

The IHR was integrated into the NASA CV-990 "Gallileo II" test air-
craft at NASA Ames in September 1976, and test flown on the Latitude Sur-
vey Mission between October and November 1976. These flights traveled
from the North to the South Pole over the Pacific Ocean and stratospheric
ozone measurements were carried out during the entire mission. From
these measurements, profiles of the stratospheric ozone layer were deter-
mined at selected latitudes. A photograph of the IHR installed aboard the
CV-990 test aircraft is shown in Figure 1-2.

We wish to acknowledge the support and encouragement of R. Parker
of the Advanced Applications Flight Experiments (AAFE) Office. T. Flattau,
J. Mellars, and L. Feraca of AIL contributed to the instrument design and
testing. C. Bair of NASA LaRC contributed to the spectroscopic measure-
ments and B. Williams of NASA LaRC supported the installation of the ITHR
into the CV-990 aircraft. L. Haughney and the staff of the NASA Ames
Medium Altitude Missions Branch were extremely helpful in integrating and
flight testing the infrared heterodyne radiometer,

Use of trade names or names of manufacturers in this report does not
constitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration.



Figure 1-1. Dual Laser, Multi-IF Channel, Dicke-Switched IHR



Figure 1-2. THR Installation Aboard NASA CV-990



2.0 SELECTION OF LASER LO TRANSITIONS TO OVERLAP
SPECTRAL LINES OF SELECTED ATMOSPHERIC SPECIES

One laser LO transition of the IHR is selected to spectrally overlap
a selected vibrational-rotational spectral line of the atmospheric species
of interest. Since the width of the selected spectral line changes with alti-
tude, the required spectral proximity of the LO transition is fixed by:
(1) the integrated width of the selected species spectral line over the inter-
vening atmospheric path and (2) the IF bandwidth of the IHR.

The center frequency of the THR spectral detection band is fixed by
the laser LO frequency. The instantaneous bandwidth of the individual chan-
nels is fixed by IF filters, and the maximum useful IF frequency is fixed by
the photomixer frequency response.

The signature spectral line of the selected atmospheric species used
for remote atmospheric profiling is selected based on the following criteria:

) Strong absorption coefficient with suitable laser LO
spectral proximity

° An isolated signature line of the selected atmospheric
species
. Spectrally isolated for minimum interference from

other atmospheric species

It should be noted that different species spectral lines may be selected for
different IHR operating modes. For example, the large amount of strato-
spheric ozone dictates the use of a moderate strength (absorption) signature
line for SA measurements while the relatively small amount of tropospheric

ozone requires the use of a strong (absorption) signature line for NR mea-
surements from an airborne platform.

Atmospheric gases with signature lines in the 9 to 11 um region in-
clude NH3, 03, C2H4, HNO3, HZO’ Cl0, CFC13, and CF2C12. Whenever
possible, Cl3Oé6 (or CleéS) minor isotopic laser LO's are preferred for
remote THR atmospheric measurements in order to eliminate the effects of

interference and/or attenuation due to the normally abundant levels of atmo-

spheric CIZOés. |



A comprehensive study of the overlap between CO2 laser transitions
and the suitable NH3 and O3

LaRC to determine optimum IHR operating wavelengths. Remote THR mea-
surements of upwelling atmospheric radiance (NR mode) and measurements

spectral signature lines was performed at NASA

of atmospheric absorption of solar radiance (SA mode) were investigated.22

A line-by-line computer model23 was used for all of the transmittance, ab-
sorption, and radiance calculations. This computer model considers both
Lorentz and Voigt profile line shapes and includes temperature and pressure
effects on the spectral line strengths and the spectral half widths. The ef-
fects of gaseous HZO’ COZ’ 03, NZO’ SO2 and NH3 were also included.

Line parameter data for HZO’ COZ’ 03, N2024, and NHg5 were available in

the existing literature, while the data for SO2 came from an unpublished

compilation by R. F. Calfee of NOAA. Ammonia absorption measurements26
have been carried out with a C13Oé6 laser to verify the predicted signature
line characteristics for ammonia, and tunable diode laser spectroscopy mea-
surements have been carried out at LaRC to verify the predicted spectral posi-
tions of the ammonia and ozone spectral lines. A mid-latitude summer model
atmosphere has been used to provide temperature and pressure profiles as
well as water vapor and ozone altitude distributions. Estimates of the water
vapor continuum absorption effects have also been included in the spectro-
scopic analysis.

The IHR measurements for atmospheric ammonia were carried out in
the SA mode using the following 002 laser LO transitions:

SA Mode (NH3)

Reference Channel - R(8) transition of C]‘30;6 laser at 920. 2195 cm_1
1316 1

Species Channel - R(18) transition of C""O, " laser at 927.3004 cm

The calculated transmittance spectra between 920 em™! and 932 cm 1
for a 1-km atmospheric path length is shown in Figure 2-1. The first spectra
is due to atmospheric ammonia alone and the second includes atmospheric am-
monia as well as all the other major atmospheric constituents. The spectral

overlap of the Cla'O;6 laser LO transitions are also shown.
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The THR laser LO transitions initially chosen for the SA measure-
ments of atmospheric ozone were:

SA Mode (03) (Initially Selected)

13 .16

Reference Channel - R(10) transition of C O2 1

at 1025.7783 cm’

13 .16

Species Channel - P(18) transition of C 0, at 1002,4776 em™!

The calculated transmittance spectra between 1000 cm™! and 1030 em™!
for a 1-km atmospheric path length is shown in Figure 2-2. The first spectra
is due to atmospheric ozone alone, and the second includes atmospheric ozone

as well as all the other major atmospheric constituents. The spectral over-

lap of the C13O§6 laser LO transitions are also shown. However, it was

found that the C130é6 isotopic mixture lasers available for the THR measure-
ments provided insufficient LO power for efficient heterodyne operation using
these initially selected LO transitions. Therefore, the IHR profiling mea-
surements of atmospheric ozone in the SA mode were carried out using a
CO2 laser with the normal isotopic gas mixture:

SA Mode (03)

12 16

Reference Channel - P(24) transition of C" "0, at 1043.1633 —

.12 16

Species Channel - P(18) transition of C" "0}~ at 1048. 8661 cm_1

or P(20) transition of 0120;6

P(26) transition of 012(%6

at 1046. 8542
at 1041.2791

The CO2 laser transitions selected for the IHR measurement of atmospheric

ozone in the NR mode are:

NR Mode (03)

Reference Channel - P(24) transition of Cleés at 1043.1633 cm

1
16

5 at 1052.1959 em™ L

Species Channel - P(14) transition of C120
9
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The calculated transmittance spectra between 1040 cm"1 and

1055 cm-1 for a 1-km atmospheric path length is shown in Figure 2-3,
The first spectra is due to atmospheric ozone alone, and the second in-
cludes atmospheric ozone as well as all the other major atmospheric con-

stituents. The spectral overlap of the C]‘ZOé6 laser LO transitions with

discrete ozone spectral lines are also shown.

11
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Figure 2-3. Calculated Atmospheric Transmittance of Ozone and the Total
Atmosphere as a Function of Frequency for a 1-km Path with

ClSOé6 Laser Transition Overlays (1040 to 1055 cm-l)
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3.0 THR SYSTEM CONCEPT

The IHR has been designed to operate in both the solar absorption

(SA) and the nadir radiance (NR) measurement modes. Since the dual chan-
nel THR is a new type of measurement instrument, special attention has been
given to developing a versatile radiometer which can be used to demonstrate
its ability to remotely detect, monitor, and track the concentration, vertical
distribution, and spatial extent of natural and man-made atmospheric molec-
ular species. The Dicke-switched dual photomixer THR which has been de-
veloped offers the system advantages of:

Incorporating a spectrally clear "reference” channel
which is unaffected by the presence of the selected
atmospheric species or other interfering gas absorp-
tions. The reference channel reduces, or eliminates,
the effects of water vapor continuum, slant path length
variations, and temperature/emissivity changes in the
backlighting infrared source.

Minimizing the effects of the laser LO amplitude insta-
bilities due to the use of a Dicke-switch.

A 3-dB improvement in the overall system sensitivity
because one of the two radiometer channels is always
viewing the source irradiance.

Using common collecting optics, Dicke-switch, optical
train, and reference/calibrate black body sources. The
use of common instrumentation in both infrared channels
improves the accuracy of the overall measurement activ-
ities.

The potential of simultaneously monitoring two atmo-
spheric species for the case in which the back-lighting
infrared source and the intervening atmospheric condi-
tions are constant. This type of measurement is be-
lieved to be particularly important in studying the dy-
namics of atmospheric chemistry.

13



3.1 MEASUREMENT CONCEPT

The center frequencies of the two IHR infrared channels are fixed
by the laser LO frequencies in the heterodyne detection mode. The instan-
taneous bandwidth of each of the IHR infrared channels is fixed by IF filters.

Following wideband IF amplification of the species channel photo-
mixer output, the IF passband is power split into three separate IF chan-
nels in which the frequency and bandwidth are fixed by IF filters. This is
equivalent to splitting the IHR infrared spectral passband and it can be con-
veniently carried out at IF frequencies because of the linear frequency trans-

lation properties of an infrared heterodyne receiver. 21 This spectral splitting
of the infrared channel yields fine spectral signature data concerning the inte-
grated atmospheric spectral line (Figure 3-1). It is this integrated spectral
signature data which is used to derive information on the relative distribution
of the species concentration with altitude.

The IF channel closest to line center in the species channel is affected
by absorption and emission from all levels of the intervening atmosphere be-
tween the IHR and the source of irradiance. However, due to the collision
broadening of the species linewidth with pressure (maximum hear the earth's
surface), the highest frequency IF channel of the IHR is affected primarily by
the species concentrations near ground level. The IF channels of the IHR be-
tween these two extremes will, therefore, see more and more high altitude
absorption or emission as the channel center frequency moves closer to the
species absorption line center as the spectral linewidth narrows. Detection
of stratospheric species will require a relatively narrowband (1000 MHz)
IHR when the selected species signature line and the laser LO transition are
in close spectral proximity, while the measurement of tropospheric species
will require wider instantaneous bandwidth IHR (B ~ 2500 MHz). The IHR de-
veloped and tested on this program provided a species channel upper frequency
limit of 2200 MHz.

As stated, the IHR development concepts were aimed at designing a
flexible field-worthy instrument which could be used in either of two mea-
surement modes: the SA and the NR. The SA measurement mode utilizes
the sun as a hot black body source in order to measure the atmospheric
transmission and therefore deduce the absorption of the selected atmospheric
gas. This measurement mode can be used for several scenarios (that is,
ground based, balloon borne and airborne). A solar tracking heliostat and
a narrow field-of-view (FOV) radiometer are required so that the solar disc
fills the FOV of the ITHR. Ground-based measurements can provide a vertical
profile of the species concentration in both the troposphere and the strato-
sphere. Aircraft platform SA measurements can provide profiles in the up-
per troposphere and stratosphere. Future satellite platform measurements

14
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can provide profiles of the upper troposphere and stratosphere by utilizing

a solar occultation (SO) mode in which the sun is viewed tangentially through
the various levels of the lower atmosphere during periods of sunrise and sun-
set.

In the NR measurement mode, the IHR collects the upwelling thermal
radiation from the earth and the reradiation from the intervening atmosphere
in a spectral region which overlaps the selected vibrational-rotational spec-
tral line. For nadir measurements, the IHR must be mounted on an aircraft,
balloon, or satellite platform. Because of the relatively low temperature of
the earth, the THR is sometimes photon starved in the NR mode and is there-
fore limited by the temperature resolution of the THR. It has been established
that the IHR temperature resolution improves with source black body temper-

ature. 28 Since the sun appears as a black body of approximately 5000 K and
the earth appears as a 300 K source, there is a significant difference in the

radiance available and the measurement accuracy for the two measurement

modes.

In order to demonstrate the feasibility of the IHR remote profiling
technique, an aircraft platform was selected to test both operating modes.
The dual channel THR instrument was selected to accompany several other
atmospheric constituent measurement instruments on a Latitude Survey Mis-
sion of the Pacific Ocean during which SA mode measurements were made at
several latitudes and NR measurements were attempted using the upwelling
thermal radiance from the earth (ocean).

3.2 INSTRUMENT CONCEPT

The IHR instrument was conceived and developed as a versatile multi-
unit system with separate optical package, processing electronics, power
supplies, data management, and recording equipment. A simplified block
diagram of the IHR system is shown in Figure 3-2.

The THR optical package is made up of two Dicke-switched, infrared
heterodyne radiometer channels which share common receiver optics, FOV,
infrared Dicke-switch, and a common calibration technique. In the SA mode,
a portion of the incoming solar radiance is made incident on a TV camera
which is boresighted with the THR FOV. A TV monitor with alignment cross-
hairs allows the operator to manually track the solar image. The partially
transmitting mirror is removed, and the tracking unit is bypassed for the
NR mode.

The infrared Dicke-switch alternately switches the two radiometer

FOV's between the collecting aperture and a reference black body, while
supplying a synchronizing signal to the electronic processor. The single

16
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reference black body, calibration black body, input lens filter, and Dicke-
switch are used to provide as many common optical elements for each
radiometer receiver as possible, thereby minimizing the errors from
separate calibration systems. A calibration black body source is inserted
between the collecting aperture and the optical Dicke-switch for IHR cali-
bration. LO power from the two grating tunable CO2 lasers is optically

heterodyned with the source radiance (or the reference radiance) in the
photomixers, with the difference IF frequency amplified by wideband IF
amplifiers.

Whenever possible, system calibration is carried out at calibration
temperatures which are higher and lower than the effective source temper-
ature to allow an accurate determination of the relative source radiance
reaching the IHR in each of the four IF channels.

A Dicke-type radiometric signal processor is used when the source
and reference temperatures are nearly identical (NR mode). An automatic
nulling gain modulation processor is used when the source temperature is
much greater than the reference temperature (SA mode).

Some of the advantages of the self-balancing gain modulation pro-
cessor technique include:

. Greater system stability for high level signals

° Direct digital readout of the postdetection and gain
modulating attenuator

L Adaptive integration time constant which provides
a long time constant during steady state conditions,
and a much shorter effective time constant follow-
ing a large transient in the effective source radiance.

In order to deal with the large volume of IHR output data, a data
acquisition and recording system was designed and constructed which is
compatible with the data processing installation at NASA LaRC. Magnetic
tape was selected as the mass storage medium for transfer of the field data
to the LaRC computer retrieval facility in order to facilitate data reduction.
A data management system was incorporated in order to properly format the
IHR output data before being recorded on the magnetic tape. The bulk data
reduction of the JTHR measurement data has been carried out at LaRC. A
simplified block diagram of the THR signal processor and data handling sub-
system is shown in Figure 3-3.
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4.0 THR CALIBRATION MEASUREMENTS

4.1 THR TEMPERATURE RESOLUTION

The sensitivity of an THR can be expressed in terms of its tempera-

ture resolution when viewing a thermal source. 27 The exponential increase
of black body radiance with temperature prevents the use of a single tem-
perature sensitivity value for all source temperatures. As a result, the
theoretical temperature sensitivity expression contains source temperature,

Ts’ as a variable and is given by:

hy
k2T2 (exp T 1) f2
S s K 2hvey NEP (f) df
AT = . + (4-1)
S gn?,? he \  B0Y? | kexp k- kB
o exp (ﬁ— kTS fl
s
where:

a = transmission and optical losses between the
source and the infrared photomixer

K = sensitivity constant = 2 for Dicke-type receiver

B = predetection bandwidth

r = postdetection integration time of a true integrator
NEP(f)

v

i

heterodyne receiver sensitivity

infrared frequency

k = Boltzmann's constant
h = Planck's constant

f = IF frequency

Equation 4-1 implicitly assumes a polarized source and it must be multiplied
by a factor of 2 when an unpolarized thermal source such as the sun or earth
is viewed by the IHR.
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The heterodyne receiver sensitivity can be expressed in terms of
the photon energy, hy, and the effective receiver quantum efficiency, n’,
by:

NEP(f) = %‘j— (4-2)

where 7’ is the sensitivity degradation due to impedance mismatches, photo-
mixer and preamplifier thermal noise, photomixer frequency response, and
insufficient laser LO power. The heterodyne receiver NEP can also be ex-

pressed by:

P 9
NEP =Y {1, —IH |y (L (4-3)
n PS fc

where:

n = photomixer quantum efficiency

PS = photomixer shot noise power

PTH = thermal noise power of photomixer and IF
amplifier

fc = photomixer cutoff frequency

The IHR transmission/optical loss, ¢, is made up of several individual
component losses as well as the heterodyne mixing efficiency. The calculated
optical losses for the IHR is ¢ ~ 0.34. The individual component losses are
made up of heterodyne efficiency (0. 5), telescope transmission (0.928), filter
transmission (0. 85), Dicke-switch transmission (0. 98), beam splitter trans-
mission (0. 87), dewar window transmission (0. 98), and the \/4 plate trans-
mission (0. 99).

The THR temperature resolution is calculated below for an ideal
heterodyne receiver which is not limited by the photomixer cutoff frequency,
the receiver thermal noise, or the available laser LO power. For o = 0. 34,

n=0.15, r=3s, and v = 2.78 x 1013 Hz (927.3 cm™") the calculated tem-

perature resolution for the 680 MHz reference channel (B = 680 MHz) and the
500 MHz species channel (B = 500 MHz) is shown in Figure 4-1. These cal-
culated values of the ITHR temperature resolution can be compared with labo-
ratory calibration measurements at TS = 500 K with laser LO wavelengths of

vg = 920.2 em™T and vg = 927.3 cm™! for the reference and species channels,
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respectively. The measured temperature resolution data is given in
Table 4-1 for one reference and four species channels.

Table 4-1. Measured IHR Temperature Resolution at 500 K

Reference 2.2 K
(20 to 700 MHz)

Species No. 1 3.8 K
(150 to 650 MHz)

Species No., 2 8.TK
(650 to 1150 MHz)

Species No. 3 15.0K
(1150 to 1650 MHz)

Species No. 4 33.0 K
(1650 to 2150 MHz)

As can be seen, the measured reference channel temperature resolu-
tion of AT = 2.2 K is in excellent agreement with the calculated temperature
resolution of AT = 2.1 K for an effective receiver quantum efficiency of n =
15 percent. The effective receiver quantum efficiency value used for the
calculation is consistent with the measured photomixer quantum efficiency

of n=19.5 percent at vy = 927 cm_1 and v = 920 cm_l. The small difference
between the measured and calculated effective quantum efficiencies can be
attributed to the amplifier thermal noise which was not totally overcome by
the photomixer shot noise. Although these temperature resolution measure-

ments were carried out at near v = 927 cm-1 because of the existence of a
suitable ammonia absorption line, it should be noted that the maximum ref-
erence channel photomixer quantum efficiency of n = 30 percent occurs near

vy = 985 cm'1 (\ =10.15 pym). The use of this photomixer in the IHR per-
mitted atmospheric profiling measurements near both 10. 8 pm (ammonia
species) and 9.6 um (ozone species). In a dedicated experiment, the photo-
mixer would be selected for the particular spectral region of interest.

The measured temperature resolution in the species No. 1 (150 to
650 MHz) channel of the IHR is AT = 3.8 K and corresponds to an effective

receiver quantum efficiency of n’ = 10 percent at v = 9217 cm_l. The effec-

tive receiver quantum efficiency is in good agreement with the measured
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photomixer quantum efficiency of n = 15 percent. As can be seen in Fig-
ure 4-1, the calculated and measured IHR temperature resolution for the
species No. 1 channel are in good agreement.

As can be seen from Table 4-1, the higher frequency species chan-
nels exhibit a significantly degraded temperature resolution compared to
the reference and species No. 1 channel. Based upon the species channel
measured temperature resolution, an effective photomixer 3-dB cutoff fre-
quency of approximately 550 MHz was calculated. For this particular photo-
mixer in the species channel, the roll-off in the ITHR temperature resolution
with increasing IF frequencies as inferred from the measurement data, is
much faster than can be explained based on the measured roll-off of the
photomixer frequency response. The measured frequency response of the
reference and species photomixers is shown in Figure 4-2. It can be seen
that the reference photomixer has a 3-dB cutoff frequency of fc ~ 650 MHz

and the species photomixer has a 3-dB cutoff frequency of fc ~ 1200 MHz.

Based on the THR temperature resolution measurement data, it is postulated
that: (1) the IF preamplifier which is mounted in the species dewar may ex-
hibit higher thermal noise than expected at the higher IF frequencies due to
a poor impedance match between the photomixer and the preamplifier input
and (2) as anomaly exists in the shot noise spectrum as exhibited by this
particular type of photomixer.

It should be noted that the species channel photomixer was also chosen
to have a spectral response characteristic which permitted efficient (but not
optimum) heterodyne receiver operation at both ) = 10. 8 pm (ammonia) and
A =9.6 um (ozone). The species channel photomixer exhibits a peak quantum

efficiency of ~30 percent near y ~ 1000 em™ L (A ~ 10 um).

4.2 THR MEASUREMENT LINEARITY

A variable temperature, external black body source was used to
simultaneously measure the linearity of each of the IHR channels. The IHR
linearity is extremely important because calibration measurements are
usually carried out at temperatures widely separated from the "effective"
source temperature. The linearity of the IHR can be one of the limitations
of the overall accuracy of the IHR measurement data.

The external black body output was collected by a 6-inch diameter
off-axis paraboloid and collimated. This collimated black body radiance
was then aligned with the input optic of the IHR. The digital output of the
four electronic processors operating in the GAIN MOD mode was then re-
corded as the black body source temperature was varied between 300 K
and 1273 K. The digital output of each channel is displayed on the front
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panel of each of the processors as an integer between 0 and 1023. The
range and resolution settings of the individual processors are set inde-
pendently based upon the THR temperature resolution in the particular IF
channel. As a result, the measured linearity curves (Figures 4-3 through
4-6) for the four channels show fewer offset counts for the 1000 K temper-
ature range as the center frequency of the IF channel increases. This cor-
responds closely to the observed degradation of temperature resolution with
increasing IF frequency.

Each of the four channels, one reference and three species, can be
seen to exhibit excellent linearity over the measurement temperature range.
Each of the channels shows approximately the same pattern of small devia-
tions from the best-fit linear curve. For example, the 300 K and 1300 K
points are consistently higher than expected and several of the other points
are consistently lower than expected. Although the two radiometers and
their IF channels are independent, it can be seen that the small deviation
patterns of the linearity measurements match. It is anticipated that this
systematic deviation can be attributed not to an imperfection in the IHR,
but to an imperfect calibration of the black body. The deviation of the THR
outputs from linearity can be considered to be very small, with the reference
channel showing a deviation of much less than 1 percent.
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5.0 ATMOSPHERIC ABSORPTION MEASUREMENTS
AND REMOTE AMMONIA PROFILING

5.1 ATMOSPHERIC ABSORPTION MEASUREMENTS

The IHR was used to make narrowband atmospheric transmission
measurements at several selected isotopic CO2 laser wavelengths. The
CO2 isotope was Cl?’Oé6

mately two orders of magnitude below the atmospheric concentration of the

normal isotope Clzoés. Therefore, the use of C130;6 laser local oscil-

which has an atmospheric concentration approxi-

lators results in a higher overall atmospheric transmittance.

Atmospheric absorption measurements were carried out using the
sun as a back-lighting source. The solar radiation was tracked and directed
onto the input telescope of the JHR by means of a roof mounted heliostat. The
heliostat consisted of a pair of mirrors, one of which was attached to a clock-
motor-driven equatorial mount. This arrangement allowed the solar energy
to be brought into the solar tracking laboratory at AIL in a fixed position which
is independent of solar zenith angle.

As the solar radiation passes through the atmosphere it is selectively
absorbed by the various atmospheric constituents. The number of absorbing
molecules in the atmosphere between an observer on the ground and the sun,
neglecting refraction, is given by:

ho dL (5-1)

where:

N. = number of absorbing molecules per unit volume at
altitude h

L = slant height
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The increment of path length, dL, is given by:29

dL = 1+ h/R

7+ 1/2 dh (5-2)
cos2 *] 2h + h_
zt R RZ
where:
Qz = solar zenith angle
R = radius of the earth

In the plane-parallel approximation for the earth's atmosphere, the denomi-
nator of equation 5-2 is dominated by the first term so that equation 5-2 can
be reduced to:

dL = sec Gz dh (5-3)

This approximation is valid in general for zenith angles of less than 85 de-

grees. It is also valid for low-altitude atmospheric layers which are close
to the horizon.

The absorption, «, produced by a length, L, of an optically thin gas
is given by:

a =exp [B(v)L] (5-4)

where B(v), the absorption coefficient, is shown as an explicit function of fre-
quency.

Equation 5-4 can now be rewritten in terms of transmission through the
gas as:

r=1/2 exp [-8(v) L (5-5)

This general equation holds because the transmissivity of the atmosphere at

C1 3026 wavelengths is primarily dependent upon the water vapor continuum,
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particulate matter, and the C130;6 itself. Combining equations 5-3 and

5-5 yields:
T =exp [-B(v)h sec 8] (5-6)

Taking the natural logarithm of both sides of equation 5-6 yields a linear
relationship between log r and sec Oz.

Figure 5-1 shows a typical atmospheric transmission measurement
performed by the IHR at the R(16) and R(18) transitions of the c13o§6 laser.
The R(16) data was obtained using the reference channel detector and elec-
tronics, while the R(18) data used the 400-MHz species channel detector and
electronics. The linear relationship predicted by equation 5-6 is readily ap-
parent in the measurement data. The relatively large scatter of the points
is believed to be caused primarily by atmospheric fluctuations. The lines in
Figure 5-1 were computer generated using linear regression. While a defini-
tive calculation of the atmospheric absorption coefficients requires a great
deal of coordination with water vapor measurement data, some approximate
values can be determined using the measured data. The slopes of the lines
in Figure 5-1 are the products of the absorption coefficients and the atmo-
sphere'’s vertical height since:

tnrt=-g(v)hsechd (5-7)

The zenith transmission, T,» can then be obtained from equation 5-7 for

sec©® =1;
z
7, = exp [-f(v)h] (5-8)

Table 5-1 gives the atmospheric attenuation coefficient, g(v)h, and the
resultant atmospheric transmission, T, at the zenith for the three 0130;6
transitions measured; R(14), R(16), and R(18). These values are higher than

those previously measured (TZ =0, 59)?"7 as would be expected from the fact

that these measurements are at the rare isotope CISOé6 wavelengths while

the earlier measurements were made at wavelengths about the more abundant

natural isotope CIZOéG.
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Table 5-1. Measured Atmospheric Transmission at Selected

Wavelengths Around C1 3O§6 Laser Transitions

13,16 Tz
2 IF (Zenith Atmospheric
Laser Line Center Frequency B(v) h Transmission)
R(14) + 360 MHz 0.312 0. 732**
R(16) * 360 MHz 0.323 0.724*
R(18) + 400 MHz 0.314 0.731*
0.260 0. 771 **
R(18) +1400 MHz 0.341 0.711*
0.272 0.762**
R(18) +1900 MHz 0.320 0.726*
0.185 0. 831 **
R(14) at v, (924.5276 cm™ 1)
* 12 July 1976
R(16) at v (925.9240 em™1) +x 18 August 1976
1

R(18) at Yo (927.3004 cm™ )

It can be inferred from Table 5-1 that atmospheric conditions were
somewhat different for the 2 days of measurements. Comparison of the
absorption coefficients measured at the R(18) transition shows a variation
of approximately 20 percent along with commensurate differences in the
zenith transmissivity. This measurement scatter is expected to be caused
by fluctuations in the relative humidity and aerosol content of the atmosphere
over the relatively long measurement time (~4 hours).

5.2 REMOTE AMMONIA PROFILING

The THR was used to obtain remote vertical profile measurements of
tropospheric ammonia. The ammonia weighting functions used for the ground-
based SA mode measurements are shown in Figure 5-2. Measured ammonia
concentrations using these weighting functions are given in Figures 5-3, 5-4,
and 5-5 and are believed to be the first remote ammonia profile measurements.
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Figures 5-3 and 5-4 indicate measured NH3 concentrations of 8 to 12 ppbv

near ground level and decreasing through the troposphere to less than 1 ppbv
above an altitude of 10 km. These measurements were taken at AIL,
Melville, New York on 18 March 1976. The IHR pollutant and reference

channel lasers were operating on the R(18) and R(8) transitions of the C130é6

laser at y = 927.300 cm™ 1 and v = 920.219 cm_l, respectively.

The ammonia profiles shown in Figures 5-3, 5-4, and 5-5 were
derived from measured radiances in the IHR channels by means of an iter-

ative inversion procedure. 28 Vertical temperature profile data was obtained
from radiosonde measurements taken at Fort Totten, Queens, New York, and

spectroscopic data25 combined with recent experimental measurements of

ammonia absorption coefﬁcients26 were used to provide the absorption coef-
ficients for the inversion calculations. An initial guess profile of a constant
25 ppbv was used to initiate the inversion procedure. However, the results
were not sensitive to the choice of initial guess.

Ammonia is produced by natural organic breakdown and is a by-product
in the organic chemical industry, domestic incinerators, and automobile ex-
hausts. As a result, NH3 is frequently found in urban atmospheres. Although

disagreement exists regarding the concentration and vertical distributions of
atmospheric NH3, concentrations are generally expected to be between 5 and

20 ppbv near ground level with decreasing concentration through the tropo-

18,19

sphere to sub-ppbv levels in the stratosphere. The measured NH3 data

are in good agreement with these expected values.

The retrieved data shown in Figures 5-3 and 5-4 show the effects of
the reference channel on the data retrievals. In Figure 5-3, the three R(18)
pollutant channels are used as indicators of NH3 concentration at different

altitudes and are referenced to the R(8) clear reference channel. This meth-
od provides the maximum NH3 discrimination and profiling with the possible

uncertainty of absorption by unknown gases in the reference channel. In Fig-
ure 5-4, two of the R(18) channels have been used as pollutant indicators.
They are referenced to the third R(18) channel which is located in the wings
of the selected NH3 absorption line. This provides a spectrally closer ref-

erence channel at the expense of some profiling information. In both cases,
the general trend of results is consistent, which indicates that the R(8) clear
channel provides a good reference.
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Although the THR measurements in March 1976 indicated a ground
level ammonia concentration of about 10 ppbv, IHR measurements in
July 1976 resulted in ground level concentrations near 0.2 ppbv (Fig-
5-5). The lower ammonia concentration is believed to be due to the sea-
sonally higher atmospheric water vapor concentration that was experienced

during early July 1976. 19 The error bars in the July 1976 retrieval data
are due to the lower measured ammonia concentration and the relatively
lower sensitivity in the 1900-MHz low altitude channel.
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6.0 IHR AIRBORNE MEASUREMENTS

6.1 STRATOSPHERIC OZONE MEASUREMENTS

Stratospheric ozone measurements were performed over a wide
range of latitudes using the NASA CV-990 airborne laboratory. For mea-
surements in the SA mode, the IHR was operated in the GAIN MOD mode
using the sun as a radiant source. Airborne solar observations were con-
ducted for up to 60 minutes per day. Whenever possible, IHR calibrations
were carried out at calibration temperatures which were larger and smaller
than the "effective' temperature of the source to allow an accurate deter-
mination of the relative solar energy reaching the IHR in each of the four
IF spectral channels (three species and one reference). The IHR was cali-
brated at 5-minute intervals during the solar measurement periods. As a
result, ozone measurements on up to three separate species lines were
possible during any 60 minute measurement period.

Retrieved ozone profiles, obtained between 18°N and 56°N latitude,
exhibited a shift in the altitude of the peak ozone concentration from 16 km
at 56°N to 20 km at 18°N latitude. This trend is in general agreement with
the seasonally averaged ozone distributions from chemical balloon soundings
at 109N and 609N as shown in Figure 6-1.

The profiles obtained on the Latitude Survey Flight Mission clearly
demonstrate that remote profile concentrations of atmospheric species, such
as ozone, can be obtained utilizing the IHR. Unfortunately, corroboration of
the measured ozone profiles with ground truth data was not possible during
the Latitude Survey Mission; ground truth data was available on the following
series of THR airborne measurements which were conducted during the
"ASSESS II'" Mission in May 1977.

A typical retrieved ozone profile measured by the IHR during the sec-
ond flight mission is shown in Figure 6-2. Figure 6-2 includes a directly
measured ozonesonde profile* that was obtained on the previous day in the
same geographic area as the JHR measurement. An excellent correlation
can be seen between these two coordinated ozone measurements.

* Ozonesonde measurements were carried out over a period of 7 consecutive
days. The balloons were released from San Diego, California; Great Falls,
Montana; and Denver, Colorado.. The measured ozone profiles exhibited
very little variations over the 7-day period.
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An additional piece of ozone ground truth data was obtained from an
insitu gas sampling instrument aboard the CV-990. The instrument was a
gas sampling, self-contained ultra-violet absorption photometer developed
by NASA Lewis Research Center as part of NASA's GASP Program. At the
time of the IHR profile measurement, the insitu instrument measured an
ozone partial pressure of 71 MICMB which is in excellent agreement with
the 60 to 65 MICMB value obtained from the IHR retrieval.

The total ozone burden obtained using the IHR measurement data is
in excellent agreement with the ozonesonde data and exhibited a difference
of only 5 percent for pressure altitudes between 200 and 60 mb. Above
60 mb the measured ozone profiles diverge. However, the total ozone
burden from 200 mb to 10 mb for the two techniques differ only by about
18 percent.

Two initial guess ozone profiles were assumed for the data in Fig-
ure 6-2 as starting points for the retrieved IHR profile. The sensitivity of
the retrieved profile to the initial guess can be deduced from the width of
the line used to show the retrieved profile.

The IHR solar weighting functions which were used to generate the
retrieved profile are shown in Figure 6-3 for the three ozone species IF
channels. The two lower frequency IF channels (fc = 370 and 700 MHz)

have weighting functions which peak at 10 and 17 km, while the high fre-
quency species (fc = 930 MHz) channel has a weighting function which peaks

at 28 km. It should be noted that the position of the weighting functions were
in reverse order to that which would be obtained if there were spectral coin-
cidence between the ozone signature absorption line and the CIZOé6 laser L.O
transition. Therefore, the measurement error at the higher altitudes can be
expected to be larger than that at the lower altitudes based on the measured
decrease in temperature resolution at the higher IF frequencies in the species
channel (refer to paragraph 4.1). The larger deviation between the retrieved
and the ozonesonde profile at pressure altitudes above 50 mb (Figure 6-2) can
be partially explained by the degradation in the THR sensitivity at the higher
IF frequencies in the species channel.

A second contribution to the divergence between the two measured
ozone profiles at altitudes above 50 mb can be attributed to the increase in
the relative contribution of atmospheric reemission of the absorbed solar
energy in each of the species IF channels. The IF species channel closest
to ozone line center (fc = 930 MHz) is attenuated by all of the intervening

atmosphere and, as a result, the IHR measures the lowest effective solar
source temperature. The lower effective source temperature results in a
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further reduction in IHR temperature resolution at the 930-MHz IF species
channel (refer to paragraph 4.1) because of the source temperature depen-
dence on the resolution.

The low elevation solar angle used during the airborne measurements
resulted in a relatively long atmospheric path which also decreased the solar
radiance at the IHR. The combination of low source temperature due to long
path absorption and maximum atmospheric absorption in the 930-MHz IF
species channel led to a low apparent source temperature. The atmospheric
reemission radiance of the absorbed solar energy has the effect of indicating
an artificially higher solar temperature. The corresponding effect on the
measurement data is one of reducing the effective measured absorption in the
IF channel whose weighting function peaks at 28 km. A lower predicted ab-
sorption in this channel results in a retrieved concentration of ozone below
that which actually existed in the atmosphere. From Figure 6-2, this can be
seen to be the case. The retrieved profile predictably departs from the
ozonesonde profile throughout the altitude range covered by the 930-MHz
channel weighting function.

For future measurements this effect can be reduced by a more ap-
propriate ozone signature line position and strength. This effect can also
be reduced by conducting measurements at higher solar elevation angles.
During both the Latitude Survey Mission and the "ASSESS II"" Flight Mission,
the solar angles were in the range of -3 to +11 degrees to accommodate the
requirements of other onboard solar viewing instruments.

6.2 ATMOSPHERIC TRANSMISSION MEASUREMENT FROM 39,000 FEET

A series of measurements were carried out during the Latitude Sur-
vey Mission to determine the zenith atmospheric transmission from an air-
craft altitude of 39, 000 feet. The measurement technique, described in Sec-
tion 5.0, involves the determination of the received solar radiance as a func-
tion of sec O where 9 is the solar zenith angle. The variation of the measured
data is equal to the zenith atmospheric attenuation coefficient B(v) h and the
zenith transmission T, can be determined using equation 5-8.

For the airborne measurement, the P(20) transition of the C120§6

laser was used as the local oscillator at a wavelength of v = 1043.1633 cm 1.
The measured solar radiance shown in Figure 6-4 is for elevation angles be-
tween 8 = 4 and 11 degrees. From this data, the resultant measured atmo-
spheric transmission data indicates that the vertical path atmospheric trans-
mission at the P(20) transition is T, = 0. 89 above the aircraft altitude of

39,000 feet. As expected, the measured atmospheric transmission from
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the airborne platform is considerably higher than the T, = 0.41 to 0.59
values measured with ground-based IHR's.

6.3 NADIR RADIANCE MEASUREMENTS

Some initial nadir radiance measurements were carried out during
the Latitude Survey Mission. During this mission most of the flight paths
were over water and very little time was available over urban centers where
substantial tropospheric ozone concentrations could be expected. Using the
Dicke measurement mode, a series of nadir measurements were carried
out over northern Alaska to determine how well the IHR reference channel
tracks the actual ground temperature (provided by the onboard NOAA sur-
face temperature broadband radiometer). The results shown in Figure 6-5
for a ground temperature variation of 200C, indicate that the IHR reference
channel appears to track the ground temperature over the 3-minute mea-
surement period. From this data it appears that the reference channel will
be effective in minimizing the effects of changes in ground brightness tem-
perature when the THR is operated in the NR mode.

On the following ASSESS II flight program, the local oscillator optics
were redesigned to increase the temperature resolution of the species photo-
mixer. With the increased temperature resolution some species channel
data was obtained in the nadir radiance mode. A 1-hour sample of this data
is shown in Figure 6-6. The measurement interval chosen for data reduc-
tion begins at 12:26 and concludes at 12:46.

The selected data includes a hot black body calibration segment (Tc =
333 K), an ambient black body segment (Tc = 293 K) and a nadir ground tem-

perature measurement.

The IHR voltage outputs are plotted in Figure 6-7 in order to deter-
mine the apparent nadir temperature and therefore the upwelling irradiance
of the earth and the intervening atmosphere. The two known radiances (for
Tc = 293 and 333 K) and their respective output voltages provide a calibra-

tion of output voltage per source radiance in each of the IHR channels. The
ground (plus atmospheric) radiance is obtained by locating the nadir mea-
surement voltage on the line joining the two calibration data points and then
directly reading off the source radiance. There is no need to take the indi-
vidual channel bandwidths into account because they only affect the radiom-
eter signal to noise (SNR) and not the apparent source temperature.
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Upon inspection of the measured data in Figure 6-7, it can be seen
that the IHR reference channel indicates a source radiance of 68 ergs/cmz/

sec/sr/cm-1 which corresponds to an equivalent temperature of T ~ +50°C,
while the species channels indicated a source radiance of approximately

24 ergs/cmz/sec/sr/cm'1 (T ~ -T°C. These temperatures can then be
compared to the broadband (8 to 12 um) NOAA infrared surface temperature
radiometer which indicated a relatively constant temperature of +89C. The
values for the species channel appear to be within reason. However, the
reference channel contains a 42°C temperature error which is believed to
be due to laser LO retroreflections in the IHR (refer to Appendix A, para-
graph A.1.7). Since the LO retroreflection can vary with optical path and
time, its net effect cannot be removed from the data to allow direct data re-
duction. A small offset due to LO retroreflections may also be present in
the species channel.

The results of the initial nadir radiance measurements demonstrate
the potential of obtaining tropospheric ozone data in the Dicke mode using
the upwelling radiance of the earth and the atmosphere. Instrument dif-
ficulties involving the retroreflection of LO power are presently limiting
the ability of the THR to obtain an ozone burden in the NR measurement mode.
Techniques are presently available to eliminate the retroreflections. How-
ever, they involve a new layout of the optical train. Insufficient time was
available during the AAFE program of the ASSESS II Mission to implement
these modifications.

The presently available IHR temperature resolution will be the eventual
limitation in obtaining remote tropospheric species profiles using the earth as
the back-lighting source. Some improvements can be made in the areas of
heterodyne efficiency and reducing optical losses. However, the major im-
provements are expected to be in the photomixer quantum efficiency and op-
timum photomixer amplifier interface design. In addition, effective reference
channel tracking and improved IHR stability may allow IHR integration times
which approach 1 minute, or more. '
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7.0 CONCLUSIONS

This instrument development and flight-test program has success-
fully demonstrated the use of a new radiometric instrument, the Infrared
Heterodyne Radiometer, for remotely detecting, monitoring, and tracking
the concentration, vertical distribution, and spatial extent of natural and
man-made atmospheric molecular constituents having vibrational-rotational
spectral lines which overlap available infrared laser local oscillators.

Some specific advantages of the ITHR sensor over other presently
available remote sensors include:

J High specificity for unambiguous monitoring

) High sensitivity approaching quantum-noise-limited
operation

L Diffraction limited field-of-view which results in a

relatively small spatial footprint

] A completely passive sensor which does not require
a high power laser transmitter

. Use of a clear spectral channel to improve the overall
measurement accuracy

Ground-based THR measurements of atmospheric ammonia (A ~ 10,8 ym)
and ozone (A ~ 9.6 uym) have been carried out in the solar absorption (SA) mea-
surement mode. Although no ground truth data was available during these mea-
surements, the ammonia and ozone profiles yielded values which were within
the range of previously measured values,

Airborne SA measurements, carried out on the NASA CV-990 test air-
craft, resulted in atmospheric ozone profiles at several latitudes. These pro-
files exhibited latitude variations of the peak ozone concentration which were
in good agreement with the expected values, although no ground truth data was
available to corroborate these measurement results. Remote SA airborne
measurements during the ASSESS II (simulated space shuttle) Mission resulted
in atmospheric profiles which were in excellent agreement with coordinated
in situ and ozonesonde measurement data.
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Airborne measurements have also been initiated in the nadir
radiance (NR) mode. Preliminary data indicates tracking between the
IHR reference channel and an onboard broadband ground temperature
radiometer. Additional THR modifications are required before NR mea-
surements of tropospheric species profiles can be carried out. The capa-
bility for rapid switching between laser local oscillator transitions permitted
operation in several modes (that is, SA, NR, and atmospheric propagation)
at several spectral locations during a single test flight.

Other atmospheric species with vibrational-rotational spectral lines
in the 9 to 11 ym region which may be candidates for remote profiling with
the existing dual channel IHR include HNOS, Cl10, NOZ’ Freons, and HCI.

In addition, THR's have been developed in the 2 to 5 uym spectral region for
atmospheric propagation measurements at the HF, DF, and CO laser wave-

lengths. 30,31

Ongoing efforts aimed at developing cooled tunable-diode lasers
(TDL's) which can be used as local oscillators in the IHR's are expected
to extend the measurement capabilities of this instrument to a large num-
ber of gas species with isolated infrared absorption spectra. The TDL's
can be designed to operate in selected portions of the 3 to 30 um spectral
region. The tunability of the TDL's may permit precise atmospheric pro-
filing using only two relatively narrowband IF channels.

Recent investigations indicate that the THR can also be used to re-
motely determine the vertical temperature profile of the atmosphere using
co 32,33

9 vibrational-rotational spectral lines near A = 13.25 um

Regional atmospheric profiling measurements have been shown to be
valid from airborne platforms. Future application of this instrument should
include global monitoring of atmospheric species from satellite platforms
such as the space shuttle.
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APPENDIX A
IHR SYSTEM DESCRIPTION

A.1 OPTICAL PACKAGE

The THR optical package top and bottom views are shown in Fig-

ures A-1 and A-2, respectively. The design of this package is based on

a lightweight, stiff aluminum honeycomb plate (1-1/2 inches thick) to which
all of the optical components are attached. The skins of the honeycomb

have been made sufficiently thick so that all components can be directly
mounted using tapped holes in the skin. This approach permitted maximum
flexibility in the optical design. The edges of the honeycomb plate have been
reinforced with aluminum bar stock to facilitate mounting. In addition to the
epoxy bonding of the honeycomb, skin, and bars, the assembly has been
through-bolted around the perimeter in order to meet the crash safety stand-

ards® 1 of the NASA CV-990 test aircraft. Mounting brackets for use in the
aircraft are attached to the side of the honeycomb plate and secured through
the honeycomb skin and the aluminum bar stock. Vertical side plates were
attached to the honeycomb baseplate in order to support the dust covers and
provide an attachment point for all the bulkhead electrical, vacuum, and
water connections.

A.1.1 CO, Laser LO Mounting

The bottom view of the optical package (Figure A-2) shows two com-
mercially available (Honeywell 7000) CO2 lasers rigidly mounted to the honey-

comb plate. Two 45-degree mirrors are used to reflect the COé laser beams

to the top side of the honeycomb plate. Also shown mounted on the bottom of
the honeycomb plate are the bias circuits for the photomixers, together with
adjustment pots for setting the optimum photomixer bias voltage.

Each of the CO2 lasers has a set of ballast resistors mounted on the

side of the laser. The ballast resistors and 002 laser tubes are water
cooled. A flow switch has been provided in the cooling circuit to shut off the
laser power supply and prevent damage to the laser in the event of a water
cooler malfunction. The grating wavelength adjustment micrometers can be
seen projecting through the side walls of the package for readily accessible
adjustment of the laser wavelength,
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Figure A-1. Optical Package - Top View

o8



MITA wolog - adeyoed 1eondo

"2-V aandig

59



The adjustment mechanism as well as the laser cavity structure
was modified from the original commercial laser design prior to the air-
craft flight testing. The commercial unit was found to be highly susceptible
to vibration which limited the temperature sensitivity of the IHR. As a re-
sult, the laser cavity structure was modified from an L-shaped channel to
an elongated U-shaped yoke structure with an integral bottom plate. This
ruggedized laser unit, together with an improved grating mount, effectively
reduced the laser vibration susceptibility.

Bulkhead connectors were provided on the sides of the optical package
in order to supply the high voltage to the laser heads from the external high
voltage power supplies. Due to the split discharge design of the laser, two
power supplies are employed for each laser head.

A.1.2 Collecting Telescope

An optical diagram of the top surface of the optical package (Figure A-1)
is shown in Figure A-3. The scene radiance is collected using a 2-inch diam-
eter (f/6.5) germanium collecting lens. This lens focuses the incoming radi-
ance onto the two PV:HgCdTe photomixers whose sensitive areas are matched
in order to assure that the two radiometer channels have approximately the
same field-of-view (FOV).

A.1.3 Optical Band-Pass Filter

Before reaching the Dicke-switch, the incoming radiance is optically
filtered by an 8-um long-pass filter. This filter is used to limit the amount
of solar radiance which reaches the photomixers. Since the peak of the solar
radiance occurs in the near infrared, a large portion of the superfluous solar
radiance is blocked by this filter.

A.1.4 Optical Dicke-Switch

A rotating optical disc located in the path between the input lens and
the photomixers acts as the Dicke-switch. The disc is positioned at an angle
of 45 degrees with respect to the incoming focused scene radiance and was
designed to alternately pass and reflect the scene radiance. The 3-inch
diameter disc is made of zinc selenide (ZnSe). Its front surface is one-half
antireflection coated (less than 1 percent reflection) and the other half of the
disc front surface is high reflectivity coated (greater than 98 percent). The
second (rear) surface is fully antireflection coated. The alternate high and
low reflectivity coatings on the front surface reflect or transmit the incoming
radiance to the two photomixers as the disc is rotated.
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The Dicke-switch is rotated by means of a brushless de¢ motor whose
speed is variable between 600 and 6000 rpm. Since one rotation of the Dicke-
switch corresponds to one chopping cycle, the Dicke chopping frequency is
adjustable from 10 to 100 Hz. The adjustable chopping frequency gives the
flexibility of operating the IHR at frequencies which are offset from any
structural resonances found in the IHR or the aircraft. Mounted on the shaft
joining the motor and the Dicke-switch is a second disc which provides a sync
signal for the electrical processors. The sync pulse is derived from the
rotation of an iron post (mounted on the disc), past a magnetic transducer
which generates a current impulse. Two transducers are used to eliminate
the 180-degree phase ambiguity for the photomixers which view the scene on
alternate half cycles of the Dicke-switch.

When the Dicke-switch is positioned such that a particular photomixer
is not exposed to the scene radiance, it views a temperature controlled black
body that provides a reference temperature for comparison with the scene or
calibration source radiance. Both photomixers view this reference black body
on alternate half cycles to provide a radiance comparison between the two in-
frared radiometer channels. The reference black body is set to approximately

match the scene radiance in the NR mode, and is set to ambient temperature
for the SA mcde.

A.1.5 Black Body Calibration

A flip mirror is provided for insertion of a calibration black body into
the path between the input lens and the Dicke-switch. This calibration black
body is viewed by the photomixers through a ZnSe lens in order to have the
black body source fill the field of view of the photomixer. The temperature
of this calibration black body can be varied from 325 to 1300 K with the cali-
bration temperature being chosen to be slightly higher than the scene tem-
perature whenever possible. A second flip mirror is located behind the ZnSe
lens to provide a calibration temperature (77 K liquid nitrogen dewar) which
is lower than the scene temperature. Two calibration temperatures are re-
quired to: (1) determine the temperature/voltage responsivity of each IF
channel processor and (2) permit comparison between the source radiance
IF channels and, therefore, fix the Spectral characteristics of the integrated
atmospheric absorption.

The temperature controllers for both the reference and high temper-
ature black bodies are rack mounted and located external to the optical pack-
age. A separate bulkhead connector is provided on the side wall of the optical
package for supply and control of power to each black body.
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A.1.6 LO Injection

A beam splitter is located between the Dicke-switch and the photo-
mixers to inject local oscillator power into the optical path of each photo-
mixer. The beam splitter has a 10 percent reflection coating on the sur-
face adjacent to the photomixer and an antireflection coating on the opposite
side. The beam splitter, therefore, transmits 90 percent of the scene
(or black body) radiance to the photomixer and reflects 10 percent of the
available LO power onto the photomixer. This method of LO injection pro-
vides the benefit of a low loss of the signal radiance together with an atten-
uation of the powerful CO2 laser output. Each PV:HgCdTe photomixer re-

quires approximately 1 milliwatt of LO power, while each laser output is on
the order of 1 watt.

A front surface gold mirror mounted at 45 degrees to the honeycomb
plate reflects the LO power from the underside of the baseplate parallel to
the plane of the baseplate at a height of 2 inches. A second mirror was nec-
essary in the reference LO path in order to properly reorient the LO polar-
ization with that of the pollutant LO. In each path following these mirrors,
the LO beam passes through an adjustable iris which serves as a fine control
on the LO power incident on the photomixer.

Between the adjustable iris and the photomixer, a solenoid operated
LO beam blocking flag was inserted which was controlled by the photomixer
bias circuit. This was provided as a safety measure to prevent excessive
amounts of LO power from accidentally damaging the photomixer. As the
LO power is increased, additional photoinduced current is generated in the
photomixer and when this current reaches a preset level of approximately
2.0 mA, the bias circuit trips out and releases the flag to block the LO
beam.

A.1.7 LO Isolator

An optical isolator was found to be necessary in order to reduce the
LO reflection from the photomixer and its mount. LO power which is not
absorbed by the photomixer and its mount is reflected back through the beam
splitter into the THR optical train. This reflected power passes through the
optical Dicke-switch and a portion of it is reflected by each component of the
optical train. This reflected power passes back through the Dicke-switch and
is incident upon the photomixer. These retroreflections can be very efficient
in the case of the input lens due to the concave shape which efficiently focuses
the retroreflections back onto the photomixer. It is also very efficient for
reflections from the calibration black body due to the relay lens which focuses
the diverging LO power onto the black body. All retroreflections are then ef-
ficiently controlled by the relay lens and imaged back onto the photomixer.
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These retroreflections of LO power would be of little consequence to
the THR if they were not interrupted by the Dicke-switch at its chopping rate.
The minor amount of shot noise generated in the photomixer due to this re-
flected LO power has little or no effect on the heterodyne sensitivity, when
compared to the 1-mW LO power level in the photomixer. However, when
it is modulated at the Dicke-switch frequency, the synchronous detection of
the THR senses it as a signal which adds or subtracts from the black body
temperature being measured. Since these reflections are not controlled,
they can vary randomly due to component vibration and temperature change
of the instrument. As a result of these random vibrations in reflected radia-
tion, the IHR output has a random vibration which can make accurate low
level measurements very difficult.

The optical isolator used in the IHR during the Latitude Survey Mis-
sion was a quarter-wave plate located between the LO beam splitter and the
photomixer. Linearly polarized LO power passes through the \/4 plate and
is changed to circular polarization. Upon reflection from the photomixer and
its surroundings, the direction of rotation of the circular polarization is re-
versed. When this reflected LO power passes back through the A/4 plate it
is converted back to linear polarization; however, its polarization angle has
been rotated by 90 degrees. Since polarized reflection from surfaces which
are not normal to the beam can be significantly different for orthogonal
polarizations, some degree of isolation (reflection out of the normal optical
path) is achieved at each optical surface encountered. Examples of these sur-
faces are: (1) LO beam splitter, (2) Dicke-switch, and (3) cadmium telluride
plates which have been placed in front of the black bodies at Brewster's
angle (angle for optimum isolation and minimum signal attenuation). The
maximum isolation can then be obtained using this technique and will be ap-
proximately 100:1.

The aircraft vibration encountered on the Latitude Survey Mission
accentuated the variation of retroreflected LO power limiting the usable
flight data in the NR (downward viewing) mode.

The LO retroreflected signal can further be reduced by limiting the
amount of LO power incident upon the photomixer. The inclusion of a beam
expander and a focusing lens for use with the focused LO spot matched to the
photomixer area will limit the retroreflected power to less than 0.1 milli-
watt. It is believed that the laser LO power reduction together with a judi-
cious cocking of the photomixer mount and a slightly revised optical design
will completely eliminate the retroreflection effects in the existing IHR.

A.1.8 Photomixers

The two PV:HgCdTe photomixers are mounted in liquid nitrogen
dewars. The dewars have been modified for aircraft use by the addition
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of direct structural supports for the cold plate. This modification was
intended to prevent misalignment of the photomixer position with respect
to the infrared source and laser LO paths that may be caused by vibration
or tilting of the optical package.

The IF output of the reference photomixer passes through a con-
nector on the wall of the dewar to an IF preamplifier which provides 30 dB
of gain. The atmospheric species (pollutant) photomixer dewar includes a
specially designed wideband IF amplifier which is mounted in close proximity
to the photomixer. This cooled preamplifier provides greater system sensi-
tivity in addition to eliminating any frequency dependent impedance mismatch
effects which may be caused by 50-ohm coaxial cable between the photomixer
and amplifier. The internal IF amplifier provides approximately 10 dB of
gain. The output of this preamplifier is coupled through a hermetically
sealed connector on the dewar wall to a second IF amplifier which provides
an additional 26 dB of gain. The outputs of the two IF amplifiers are then
fed by low loss coaxial cable to the electronic processors.

A.2 BIAS CONTROL PANEL

The bias control unit shown in Figure A-4 (third from the top in
right-hand bay) is a separate rack-mounted chassis which supplies dc power
to the optical package, controls the Dicke-switch motor, controls the photo-
mixer bias, and provides a monitor for the photomixer bias voltage and cur-
rent on a digital display. This package also takes the sync pulses from the
Dicke-switch in the optical package and processes them to provide a square-
wave sync signal for switching the processors. It should be noted that the
reference and species synchronous processors are 180 degrees out of phase.
Table A-1 lists the various controls and indicators for the bias control panel.

A.3 WATER COOLER FOR LASER

A Neslab closed cycle water cooler is provided for control of the
water temperature in the laser heads. The cooler unit is remotely mounted
from the optical package and operates on 115 Vac. It can provide 0.1 K
temperature stability from -20 to +30°C. The lower temperatures are re-
quired when operating the laser LO's on the low gain transitions. The in-
terior structure and the casing of the refrigerator unit were substantially
strengthened to meet the crash safety requirements of the CV-990 test air-
craft.

A.4 RADIOMETER SIGNAL PROCESSOR

The IHR signal processing back-end consists of four rack-mounted
units. The first processor, which has a bandwidth of 680 MHz, is employed
as the reference channel. The remaining three units process information in
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Figure A-4, THR Control and Processing Electronics Mounted Aboard CV-990
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Table A-1. Controls and Indicators for Bias Control Panel

Control or Indicator

POWER
DICKE-SWITCH

REFERENCE MIXER BIAS
RESET REFERENCE BIAS
POLLUTANT MIXER BIAS
RESET POLLUTANT BIAS

VOLTAGE
REFERENCE MIXER {CURRENT
VOLTAGE

POLLUTANT MIXER {CURRENT

Function
Supplies power to bias control panel,
Activates Dicke-switch motor.

Supplies power to reference IF ampli-
fier and bias control circuit.

Applies bias to photomixer which
latches relay if current within range.

Supplies power to pollutant IF ampli-
fier and bias control circuit.

Applies bias to photomixer which
latches relay if current within range.

Monitors reference photomixer bias
voltage or current.

Monitors pollutant photomixer bias
voltage or current,
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the species channel. The reference channel processor unit also contains

dc power supplies, IF power splitters, and the circuitry which provides the
synchronizing signals for the four radiometer signal processing channels and
the data management system. The three Species channels each had a 500-MHz
bandwidth and operated over the following frequency ranges for the Latitude
Survey Mission:

Species Channel No. 1 150-650 MHz
Species Channel No. 2 650-1150 MHz
Species Channel No. 3 1150-1650 or 1650-2150 MHz

A.4.1 Operational Modes for IHR Processors

The signal processors have the capability of operating in the Dicke-
switched or self-balancing gain modulation mode., The THR input is rapidly
switched between the unknown source temperature and a constant temperature
reference black body,

The Dicke-switched mode provides a conventional temperature com-
parison measurement for the IHR. The ac switch rate component from the
IF detector, which represents the temperature difference between the com-
pared sources, is ac amplified and synchronously detected to provide a voltage
which is proportional to the temperature difference. This voltage, after se-
lectable low-pass filtering, is available for recording and is displayed on a
front panel meter.

In the Dicke mode, the radiometer signal processor output (Vo) can

be expressed in the form:™2

Vo = Gs (TA + Te) - GR (TR + Te) (A-1)
where:

T, = unknown source temperature

2>

TR = reference temperature
Te = effective temperature of the electronics

G = overall gain
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G. = radiometer gain when the photomixer is viewing the

S unknown source
GR = radiometer gain when the photomixer is viewing the
reference
and when GS = GR = G, then:
VO = (T A TR) G

When the Dicke radiometer is at null balance, the unknown source
temperature TA is equal to the reference temperature TR' For this case,

system gain variations will be eliminated and the effects of gain instabilities
from the LO lasers through the processors will be eliminated.

If the radiometer is not at null balance, a differential error (AV 0)

can occur in the event of system gain variations, AG. This can be ex-
pressed:

AV_ = (T, - Tp) 4G (A-2)

When the THR is operated in the nadir radiance (NR) mode, it be-
comes important to set the temperature of the reference black body close
to the ""apparent'' temperature of the unknown source to reduce the effect of
IHR gain instabilities. This temperature matching can easily be accomplished
over the small range of temperatures encountered when viewing the earth.

However, when the IHR is operated in the solar absorption (SA) mode,
a very large range of temperatures are encountered which can generate sig-
nificant error voltages due to system gain variations. Gain modulation was

chosen as the processing technique to reduce these gain instability errors.

The gain modulation method varies the radiometer gain in synchronism
with the Dicke-switch. The IHR stability is improved by varying the gain,
GR’ such that VO = 0. Sensitivity to gain variations can be reintroduced, how-
ever, if the source temperature, TA’ changes after the gain, GR’ has been
set. Since the output voltage will no longer be zero, the gain instabilities
will, again, be apparent.

In the self-balancing gain modulation mode used in these signal pro-

cessors, a non-zero output of the gain modulated radiometer is detected and
balance is maintained by providing adaptive gain control. The mechanism by
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which gain control is effected can be either active (gain should be >1) or
passive (gain is €1). Since passive controllers have the inherent advan-
tage of being more stable, this type of control is employed in discrete
steps (digital). The use of digital attenuators simplifies the interface to
the data recording equipment and offers the advantages of the inherent ac-
curacy of digital video frequency attenuators. Figure A-5 shows a simpli-
fied block diagram of a self-balancing gain modulation signal processor.

Source irradiance and reference irradiance are alternately switched
by the Dicke-switch to the coherent detection subsystem which detects the
infrared energy and translates it to an IF frequency. The IF signal is then
detected and dc amplified. Separate circuitry, which is synchronized to the
Dicke-switching frequency, is used to control the lower limit of the tem-
perature measurements and resolution of the output in counts per degree
(Figure A-6). The output of the signal processor amplifiers is synchronously
detected and integrated by means of an RC low-pass filter which limits the
measurement noise and sets the system time constant. The difference
(error) between the unknown source and reference source is then used to
vary the gain during the reference cycle of the Dicke-switch and drive the
error sensor to zero. A binary attenuator is used in the feedback to the
reference gain control in order to provide a digital output of the source tem-
perature. The level of the binary attenuation is, therefore, directly pro-
portional to the unknown source irradiance. The data output is then con-
verted from binary to BCD which can be read out on the LED display on the
front panel, or recorded by the Data Management Subsystem. The attenuator
is a/l 0-bit binary and it may assume values between 0 and 1023/1024 in steps
of 1/1024.

The self-balancing gain modulation method thereby maintains the out-
put at null and prevents errors due to IHR gain instabilities. The method
also has the significant advantage of providing a long time constant, 7, dur-
ing steady state conditions and a much shortened effective time constant when
following a transient in source temperature. This provides a significant ad-
vantage for the solar occultation mode which is expected to be used during
the space shuttle measurements. Since the shuttle measurement time will be
short (~30 to 60 seconds), a processor with this adaptive time constant will
be better able to handle the large transient in source temperature associated
with solar acquisition, and any other transient phenomena associated with
scanning the various atmospheric layers.

A.4.2 Radiometer Signal Processor Operating Controls

The controls and indicators described in Tables A-2 and A-3 are
shown in Figures A-7 and A-8 and pertain to the operation of the reference
and pollutant channel signal processors as noted.
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VARIABLE TEMPERATURE
OFFSET SETS LOWER LIMIT
OF MEASUREMENT RANGE

BLACKBODY POWER OF UNKNOWN SOURCE

VARIABLE
TEMPERATURE

> RESOLUTION SETS
UPPER LIMIT OF
MEASUREMENT
RANGE

o
}

1023 EQUAL DIGITAL STEPS ——————— 1023

IHR SIGNAL PROCESSOR OUTPUT (COUNTS)

Figure A-6. Radiometer Temperature Range and Resolution for Gain

Modulation Mode
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Table A-2. Controls Common to Reference and Pollutant Signal Processors

Control

MODE switch

METER SELECT switch

A. DET

w\

LEVEL

C. AGC

D. DICKE

E. GAIN MOD

DIGITAL OUTPUT switch

AUTO NULL switch
RANGE control
RESOLUTION control

LEVEL control

Function

Selects the DICKE or self-balancing
GAIN MOD (gain modulation) mode.

Selects the function to be displayed on
the front panel digital meter.

RF detector output in volts.

Monitors the voltage to the comparison
amplifier which establishes the AGC
voltage (must be > ~ 5.5 volts for AGC
action).

Monitors voltage to the AGC element in
volts.

Monitors the Dicke output in the Dicke
mode or the error voltage when in the
gain mod mode.

Monitors the gain mod analog output in
volts.

Selects the panel meter of the gain mod
display for output in the serial data
stream.

Disables the self-balancing action of the
gain mod mode.

Sets the lowest temperature that may be
measured.

Sets the radiometric sensitivity in terms
of digits/black body power.

Adjusts the gain of the processor to

establish the correct AGC operating
voltage.
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Table A-2. Controls Common to Reference and Pollutant Signal
Processors (cont)

Control Function
GAIN control Adjusts overall signal processor gain

(does not affect AGC setting).

TIME CONSTANT (SEC) switch Selects integration time of 1, 3, 10, or
30 seconds.

Table A-3. Controls Peculiar to Reference Signal Processor

Control Function
POWER switch Controls primary power to all chan-
nels.
CAL REF switch Sets the indicating bit in the serial bit

stream to 1 or 0 depending on the cali-
bration black body used.

A.4.3 THR Output Data Display

The THR output information is displayed on a 3-1/2 digit digital panel
meter for the Dicke mode and on a 3-1/2 digit LED display for the self-
balancing gain modulation mode. (Rear panel outputs are also provided.)
The LED digital indicator can range in value from 0 to 1023 and is adjust-
able, with front panel controls, for various temperature ranges and resolu-
tions. A serial digital output format is also available and is switch select-
able between the digital panel meter and the LED display. Output informa-
tion is in the form of a 16-bit serial data stream. The first bit identifies
the mode; self-balancing gain modulation (logic 1) or Dicke (logic 0). The
second bit identifies the calibration reference. The third bit indicates po-
larity (negative is a logic 1 and positive is a logic 0) in the Dicke mode.
The remaining 13 bits contain the data in BCD format (8421). Each of the
radiometer processors updates its output information synchronously ten
times per second. During each of these ten 100-ms intervals, the 16-bit

76



serial digital bit stream is repeated five times. The first 100-ms interval

is invalid, as this is the time interval during which the internal counters are
accumulating; this interval is blanked by the data recording equipment. Out-
puts from the four radiometer processors are sent to the data management
unit and tape recorder controller. Here the data is rearranged and control
signals for the tape drive are generated. Data buffers are located in the con-
troller and data from the four radiometer channels is recorded once a second.
This will allow approximately 8 to 10 hours of data to be recorded on 732 m
of tape at 800 bpi NRZIL.

A.5 IHR DATA MANAGEMENT SYSTEM

The data management system shown in Figure A-9 consists of three
units. These are an Ampex Model TMB 9 track NRZI digital tape transport,
an Ampex Model DE840 formatter, and the system interface and controller,
AJL Model A610. The Ampex tape drive and format control unit operate in
conjunction to provide the correct IBM-compatible tape, recorded in extended
binary coded decimal interchange code (EBCDIC). The system interface unit
provides for the proper formatting of signal processor data for the Ampex
unit as well as supplying the overall control for proper recording of the data.
The tape transport holds approximately 732 m (2400 feet) of 1. 5-mil thick
0. 5-inch wide magnetic tape on a 10. 5-inch reel.

A block diagram of the data management system is shown in Fig-
ure A-10. Serial data from the four THR signal processors enter the data
management system where it is reformatted into 4-bit words. The data is
then stored in a buffer memory. This memory is required in order to match
the varying data rates of the tape drive and the signal processors. The mem-
ory is loaded and outputted onto the tape once per second. At 800-bpi density,
the tape transfer rate required is 10 kilobyte/s. At 200 bpi, the required rate
is 2.5 kilobyte/s. Time codes from the aircraft onboard clock are also re-
corded on the tape for data coordination. The Ampex tape formatter generates
the proper tape format. The format control unit ensures that the inter-record
gap is approximately 0. 6-inch and inserts the cyclic redundancy check char-
acter (CRCC), * the longitudinal check character (LRCC), and the vertical
check character. During the read operation the formatter uses these check
characters to verify the data. The three synchronizing signals from the THR
signal processors are used by the control and timing circuitry to properly re-
format the data and load it on the tape in a time synchronous manner with the
THR signal processors.

* CRCC is only generated for 800-bpi density.
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On output, the data being received from the tape is loaded into a
buffer memory, again in a 4-bit word format. Upon completion of the
memory load cycle from the tape, the time of the particular data block is
automatically displayed on a series of LED's. This occurs by way of a bit
serial/word parallel to serial converter. If this represents a data block of
interest, a printed copy can be made via the panel thermal printer. De-
pressing the PRINT switch causes the data to be read from the buffer mem-
ory to the panel printer where the data is printed. This allows an operator
to scan the tape to a particular area of interest and obtain a limited amount
of hard copy data for a more detailed study in the field.

Table A-4 lists the various controls and indicators of the data manage-
ment system as well as their functions.

Table A-4. Data Management Controls and Indicators

Control or Indicator Function
B.O.T. indicator Will be illuminated when the beginning

of tape reflective marker is under the
transport photosensor,

ONLINE indicator Will be illuminated when the tape trans-
port is under the control of the data man-
agement system.

READY indicator Will be illuminated when the tape trans-
port is ready to read or write.

E.O.T. indicator Will be illuminated when the end of the
tape reflective marker has passed the
transport photosensor,

FPROT indicator Will be illuminated when the file protect
ring has been removed from the tape reel.
Data cannot be written onto a protected
file.

WRITE indicator Will illuminate when the tape drive is in
the write mode.

READ indicator Will illuminate when the tape drive is in
the read mode.
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Table A-4. Data Management Controls and Indicators (cont)

Control or Indicator

ERROR indicator

DATA BLOCK indicator

PRINT switch

WRITE switch

READ switch

BACK ONE BLOCK* switch

SKIP RECORD* switch

RECORDS switch

CLEAR switch

POWER switch

Function

Indicates an illegal command has been
issued to the tape drive. Will also il-
luminate at the E.O. T.

Indicates the time of a particular data
block recorded on the tape.

Depressing the print switch will cause
the panel printer to print a data block.

Depressing the write switch will cause
the tape drive to enter the write mode.
It will continue to record the radiometer
data until the switch is again depressed.

Depressing the read switch will cause
the tape drive to read one block of data.

Depressing this switch causes the tape
to move one data block in the reverse
direction.

Depressing this switch will cause fhe
tape drive to skip forward the selected
number of data blocks.

Sets the number of blocks skipped for-
ward when SKIP RECORD is pressed.

Depressing this switch causes the tape
drive command register to clear.

Depressing this switch applies prime
power to the data management system.
(Note: The tape transport and format
control unit will be separately activated.)

* The fast forward and rewind functions on the tape transport can be used to
aid in rapidly accessing a particular data record.
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A.6 PHYSICAL CHARACTERISTICS OF IHR SYSTEM

The THR system weight is approximately 1100 pounds including support
equipment such as water cooler, aircraft mounting fixture, and data record-
ing equipment. The sizes and individual weights are listed in Table A-5.

Table A-5. Size and Weight of IHR System Units

Size Weight
Unit Qty (inches) (pounds)

Optical Package 1 24 % 36 x 14 140
Water Cooler 1 14 % 16 x 15 102
Laser Power Supplies 4 Tx19 x 21 46 x 4 = 184
PZT Power Supplies 2 3.5%x19 x 13 15%x 2= 30
Ampex Model TMB Tape 1 24.5%19 x 22 110
Transport
Ampex Model DE 840 1 5.25 % 19 x 16 25
Formatter
AIL Data Management Package 1 8.7Tx19 % 19 25
Photomixer Bias Panel 1 5.125 x 19 x 12 15
Radiometer Signal Processors 4 5.125 x 19 x 21 18 x4= 72
Analog Recorder 1 13.5x19 x 10 109
1300 K Black Body Controller 1 2.5 %19 x 10 13
Nadir Black Body Controller 1 7x19x16 72
TV Monitor 1 5x19 x 10 15
Optical Package Mounting Plate 1 36 x 82 % 12 181
TV Camera 1 4 %6 x10 6

Total 1099
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Prime 115-Vac power is required at both 400 and 60 Hz with a total
maximum consumption of approximately 4 kVA. The power requirement of
the individual units as well as their voltages are seen in Table A-6.

Table A-6. IHR Prime Power Requirement

Unit
Optical Package
Laser Power Supplies
Water Cooler Neslab RTE-4
PZT Power Supply
Photomixer Bias Panel

Ampex Model TMB Tape
Transport

Ampex Model DE840 Formatter
AJL Data Management Package
Analog Recorder

1300 K Black Body Controller
Nadir Black Body Controller

TV Camera and Monitor

Voltage Frequency
(Vac) (Hz)
115 400
115 60
115 60
115 60
115 60
115 60
115 60
115 60
115 60
115 60
115 60
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Power
(VA)

220 x 4 = 880
1380 max

80 x 2 = 160

140

430

115
140
260
120
280

30

Total 3935 max
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APPENDIX B
LATITUDE SURVEY MISSION

In September of 1976, the IHR was shipped to NASA Ames Research
Center, Moffett Field, California for installation aboard the CV-990 air-
craft "Gallileo II."" Gallileo II is NASA's large four engine jet aircraft
which serves as a flying laboratory for up to ten simultaneous experiments.
This particular field test involving the THR was designated the Latitude Sur-
vey Mission because of its flight itinerary from 80-degrees North latitude to
62-degrees South latitude over the Pacific Ocean. The mission consisted of
a series of 14 separate flights from 28 October to 25 November 1976, each
lasting an average of 5 to 6 hours. Table B-1 gives the individual flight
itineraries and IHR measurement mode. '

The IHR arrived 30 September 1976 at NASA Ames and the equipment
was unpacked, inspected, and assembled. After a calibration in the labora-
tory, it was determined that there was no damage to or misalignment of the
IHR due to the shipping. A preliminary safety inspection was performed in
the laboratory prior to beginning the installation in the CV-990 aircraft. The
instrument was found to be in conformance with the NASA safety standards
and the instrument was installed on the aircraft.

By Saturday, 16 October, the installation had progressed to a point
where the mounted optical package could be checked out. The photomixers
were cooled and bias was applied to them. The reference photomixer ap-
peared to operate properly; however, the species photomixer exhibited a
higher than normal dark current. This problem was traced to a deterior-
ation of the photomixer I-V characteristic. It was determined that this photo-
mixer would not be suitable for the flight-test program. A replacement was
needed. A backup PV:HgCdTe photomixer was obtained from MIT Lincoln
Laboratories. This photomixer was mounted in a liquid nitrogen dewar and
shipped to NASA Ames along with a spare photomixer available at AIL. The
photomixer was integrated into the IHR and the installation continued.

During the aircraft installation period, two germanium windows were
checked in an atmospheric pressure chamber for their airworthiness, and
were accepted. At the conclusion of the assembly aboard the CV-990, the
IHR and its installation were reviewed by the aircraft safety committee and
again found acceptable. The windows were then installed in the aircraft and
the THR was then aligned to the solar TV tracking monitor. This was ac-
complished with the aircraft on the runway utilizing the sun as the external
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Flight
No.

10
11
12
13
14

15

Table B-1. Flight Itinerary - "Latitude Survey Mission"

Moffett, California
Moffett, California
Fairbanks, Alaska
Fairbanks, Alaska
Honolulu, Hawaii
Honolulu, Hawaii

Honolulu, Hawaii

American Samoa

Melbourne, Australia
Melbourne, Australia

Melbourne, Australia

Christchurch, New Zealand

‘Christchurch, New Zealand

American Samoa

Honolulu, Hawaii

Destination
Moffett, California
Fairbanks, Alaska
Fairbanks, Alaska
Honolulu, Hawaii
Honolulu, Hawaii
Honrchlulu, Hawaii
American Samoa
Melbourne, Australia
Melbourne, Australia

Melbourne, Australia

Christchurch, New Zealand

Christchurch, New Zealand

American Samoa
Honolulu, Hawaii

Moffett, California
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Measure-
ment

Mode

NR/SA
SA
NR/SA
SA
SA
NR
NR
NR
SA
SA
NR
SA
SA
SA

NR
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‘black body source at infinity. Figure B-1 shows the installation of the

optical package and tracker aboard the aircraft while Figures A-4 (Appen-
dix A) and B-2 show the processing and control electronics and the data
recording electronics, respectively.

Flight
No.

1

Experimenters Test Flight--On 26 October, an experimenters
test flight was carried out to allow checkout of the instruments
prior to the flight mission. During this flight, a severe icing

problem on the windows was encountered which required recti-

fication before the start of the Latitude Survey Mission. The
germanium windows, as well as their aluminum support plates,
have a relatively high thermal conductivity and at flight altitude
the outside air temperature was on the order of -50°C. This
low temperature coupled with the high thermal conductivity
caused a thick buildup of condensation on the window surface
from the cabin moisture (generated by 38 people on board).

Flight to Alaska--Icing problem solved with a directed flow of
heated cabin air obtained from the air conditioning ducts. Solar
data was obtained on the setting sun toward the end of the flight.
The time prior to the measurement was used to calibrate and
stabilize the IHR. Difficulties in tuning the lasers were first
observed on this flight.

During the flight, the aircraft frequently changed altitude result-
ing in a change in the aircraft cabin pressure. The control sys-
tem for aircraft cabin pressure was designed to maintain a fixed
pressure differential between the outside air and the cabin air.
This resulted in a frequent change in cabin air pressure and
therefore the air density. The open cavity laser design con-
tained an air space between the Brewster angle window on one
end of the discharge tube and the diffraction grating. As the
cabin pressure changed, the air density in the space varied, as
did the optical length of the cavity. This variation in optical
cavity length resulted in a wavelength change as well as a power
output change of the laser LO which the Dicke processor cannot
correct. The laser can be retuned for small cavity length
changes using a piezoelectric (PZT) cylinder which fine tunes
cavity length. This PZT cavity length control was an additional
modification to the commercial unit which was added prior to the
flight test. For the small pressure and temperature variations
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Flight
No.

(cont)

7,8

9,10

experienced at a relatively constant flight altitude the lasers
were easily retuned using the PZT. However, it was experienced
that large pressure changes corresponding to significant altitude
changes could not be simply corrected by a PZT voltage tuning.

A manual adjustment of the grating mount was required to re-
align the laser cavity and restore the stable power output.

Local Polar Flight--Data was obtained on two separate solar
tracks over the Arctic Ocean. After the solar runs some initial
data was taken in the nadir radiance mode.

Flight to Hawaii--The ground-based heating system which was
used to keep the plane warm during the night could not cope with
the -18°F overnight low temperature, allowing the equipment to
cold soak. The cold soaking adversely affected the performance
of one of the CO2 laser local oscillators. During this flight, some

data was taken in the solar mode. However, the instrument per-
formance was compromised.

Local Hawaii Flight--Temporary repairs to the CO2 laser were

made prior to this flight. The repairs were found to be inadequate
and severely limited the amount of data taken during the flight,

Flight to Samoa--This flight was aborted due to engine failure and
the aircraft returned to Hawaii for repairs. Four days were
needed to obtain and install a replacement engine. The aircraft
downtime was used for some minor operational modifications to
the THR as well as allowing a complete rework of the damaged
laser local oscillator. Full performance of the IHR was restored

prior to flight No. 7.

Flights to Samoa and Australia--These flights had no solar track-
ing runs and the flight time was devoted to the nadir radiance mode.
During these flights, some anomalous data was obtained in the spe-
cies channel outputs. This anomaly was traced to a local oscillator
power reflection. The reference channel functioned properly and
appeared to be tracking the broadband (8 to 12 ym) infrared radiom-
eter on the aircraft.

Local Australian Flights--These flights were coordinated with
local scientific observations which included a balloon launch.
Solar data was obtained at the beginning of both of these flights
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Flight

No.

9,10
(cont)

11

12

at sunrise. The IHR did not behave as well as during the prior
sunset tracks which were carried out near the end of the flights.
It appears that there is a warmup or stabilization period re-
quired at altitude. The solar runs on these particular flights
started at the beginning of each of the missions upon reaching
flight altitude. Data was obtained on both flights. However,
operation of the equipment was much more difficult with the
lasers requiring extensive retuning.

Flight to New Zealand--Further evaluation of the nadir radiance
mode was performed.

Local New Zealand Flight--South Toward the Pole--Having ob-
tained a significant amount of data to this point, a decision was
made to evaluate an alternate photomixer for the species channel
with the possibility of obtaining greater temperature resolution in
the higher frequency channels. The change was made prior to this
flight and improved high frequency performance was obtained.
Data was obtained on three separate CO2 laser transitions; P(20),

P(24), and P(26). The P(20) and P(26) transitions were chosen
because they were expected to be the best for solar absorption
mode. The P(24) line which is used in the reference channel was
also measured in order to get a direct comparison between the
reference and the species channel for calibration purposes.

It was on this flight that an extraneous signal was first observed
that appeared to limit the accuracy of the ozone measurement data.
This solar induced signal is caused by the generation of an inter-
fering signal in the IHR when the instrument is operating in the
solar absorption mode. The extraneous signal is believed to be
caused by out-of-band solar power reaching the photomixer after
being chopped by the Dicke-switch. The heterodyne process, with
its associated IF filters, limits the heterodyne signal to an optical
bandwidth of 500 MHz. The heterodyne process rejects the extrane-
ous broadband energy which is passed by the optics and the 8-um
long-pass filter which is used to protect the photomixer. However,
the solar power passes through the Dicke-switch where it is modu-
lated at the Dicke-switch frequency. This broadband power gen-
erates shot noise in the photomixer.

The modulation of this shot noise power level at the Dicke-switch

frequency provides an interfering signal similar to that described
in paragraph A.1.7 of Appendix A, whose level may be sufficient
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Flight

12 in some photomixers to influence the solar absorption data. The

(cont) significance of this effect was only observed at aircraft altitudes
where higher solar powers were encountered as a result of a
diminished atmospheric absorption above the 30, 000-foot flight
altitudes. The level of the solar induced signal apparently varies
from one PV:HgCdTe photomixer to another.

The interfering signal is wideband in nature and will therefore
wash out some of the detail available from the narrowband ozone
spectroscopy. It is anticipated that this effect can be corrected
in future measurements by inclusion of a narrow infrared band-
pass filter to limit the interfering solar energy.

13,14 Flights to Samoa and Hawaii--Solar observations were carried
out on these flights using the replacement photomixer. Measure-
ments were made on three local oscillator lines; P(20), P(24),
and P(26). Due to the operator experience gained during the
previous flights, the time needed to change local oscillator pol-
lutant lines was reduced to the order of 1 minute allowing a sig-
nificant amount of observation time on each solar run. The solar
runs were approximately 1 hour in length.

At the conclusion of the mission, the IHR was off-loaded from the
aircraft, packed and shipped back to AIL. The instrumentation arrived safely
at AIL on 26 November 1976, and was reassembled in the solar tracking labo-
ratory. Detailed test and calibration measurements were carried out to eval-
uate the flight worthiness of the IHR package. No performance deterioration
was noted during these measurements.

The IHR was then modified in preparation for use on the ASSESS I
CV-990 airborne mission (Simulated Space Shuttle Experiment). These IHR
modifications included: (1) the investigation of sealed-off, grating tunable,
waveguide CO2 laser LO's and (2) redesign of the package to allow the radiom-

eter to be operated from a remote location by an operator (payload specialist)
who was not intimately familiar with the equipment.
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Figure B-1. IHR Optical Package Installation Aboard the NASA CV-990
Test Vehicle
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Figure B-2. Data Management Subsystem Installation Aboard the NASA
CV-990 Test Vehicle
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