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ABSTRACT
Recent advances in tuneable infrared lasers and in infrared
heterodyne spectroscopy enable sub-doppler spectroscopy of laboratory
gases and planetary atmospheres. In this paper, the principles of
gpectral line formation and of techniques for retrieval of atmospheric
temperature- and constltuent-profiles are discussed. Applications to
the atmospheres of Earth, Mars, Venus, and Jupiter are 1liustrated
by resulits obtained with Fourier Htransform and infrared heterodyne
spectrometers at resolving powers (h/ﬂh) ofmil.olL and.ﬁlOT, respectively,
showing the high complementarity of spectroscopy at these two widely
different resolving powers. The principles of heterodyne spectroscopy
are reviewed and its applicationg to atmospheric probing and to
laboratory spectroscopy are discussed. Direct absorption spectroscopy
wath tuneable semiconductor lasers is discussed in terms of precision

frequency-and line strengih-measurements,showing that substantial

advances in laboratory infrared spectroscopy are at hand.

tInvited paper presented at the WATO Advanced Study Ingtitute on "Vibrational
Intensirtres in Infrared and Raman Spectroscopy", Belgirate, Italy,
Sept. 1-10, 1977.



Introduction

Planetary atmospheres derive their principal external heat input
from the sun. They lose energy mainly by radiation at infrared wavelengths.
Infrared spectroscopy of planetary atmospheres deals with detection of
absorption and emission features from their respective constituents,
leading to determinations of local physico-chemical conditions. We
can estimate lower Jimits for the effective mean radiative temperatures
of the atmospheres by writing down relations for the heat input and

output and invoking eguilibrium, thus

2 7 ary 2
Qp = R j‘o (-4) 5 S~ (1-4)) F, TR 1)
and
Q, = GTZ (hﬂRa) 2)
where

A 18 the albedo at wavelength ).
A is the mean visual albedo,

F_is the solar flux at the planet's mean position,

R is the planetary radius,

o is Stefan-Boltzmamn's constant,

and Te 1s the effective black~hody temperatures of the radiating region
of the abtmosphere. Egn 2 neglects internal heat sources, and assumes
a sufficiently rapid rotation rate so that radiation takes place into
Y steradians at the effective temperature, Te. For planets having
partially (Earth and Mars) or wholly (Mercury) transparent atmospheres

in the infrared, some or all of the emergent radiation will come from the



surface. Egns 1) and 2) give a zeroth order expression for the effective

temperature

(1-8)F 1/
T ~ [ . 3)

— 5
Predicted and observed values of Te are given in Table I for the major
planets. Note that the observed far-infrared brightness temperatures
exceed the predicted values of Te for Jupifter, Saturn, and Neptune,
showing that internal energy sources are gignificant for those planets.
Table I describes only the net energy budgets. More detailed
analyses reveal that each atmosphere exhibits characteristic variations
of kinetic temperature with altitude, the so-called verbical temperature
profile. In the absence of ionization, heating, of dissociation of
atmospheric molecules, the temperature should decrease with altitude

according to the adiabatic lapse rate (k),

4T
kz“ﬁzg/cp L)

where g ig the acceleration of gravity at the reference altitude and

Cp is the specific heat at constant pressure for the principal atmospheric
gasa. Adisbatic lapse rabes for varioug planets are: Venus (10.7

%k /km) , Earth (9.8 “K/km), Maxs (4.5 °K/km), and Jupiter (20 °K/km).

Typrcal temperature profiles3

are sumarized in Fig. 1.

Heating (e.g. by absorption, ionization, and dissociation) causes
additional structure on the temperature profiles. Let us examine the
Barth's atmospheric temperature profile by way of illustration. Solar

vigual radiation penetrates to the Rarth's surface, which 1s heated and

which 1n turn heats the atmosphere. The temperature profile firgt decreages



approxXimately adiabatically with altitude above the surface (1 bar

L

level), but then increases in the region where solar ultraviolet light

(200-300 nm) dissociates O_, thus forming the stratosphere,

3.‘«‘
Above the stratopause, the temperature again lapses. with altitude

until dissociation (3 € 200 mm) and ionization .(} € 100 nm) of 0,

and N2 inject heat into the kinetic energy distribution, forming

the exosphere. Note that while the mean exospheric kinetic temperature
approaches ~ 1000 OK, the gas is not in local thermodynamic equilibriuvm (LTE)}
because the density has fallen below the level needed for collisional
excitation to dominate vibrational radiative decay. Thus atmospheric
sounding by infrared cbservations, which usually assumes ITE, is much more

complicated above a certain altitude. Microwave sounding remains simple (LTE

case) to higher altitudes owing to the generally much longer times for

rotational relaxation.

Ib-e

In the case of Mars, the temperature follows a similar profile,

except now the atmosphere is thin enough that solar ultraviolet penetrates to
the surfage—{~-6mbar level),—and-no-terrestrial-like stratosphere

is formed, The small temperature inversion illustrated at the 10"2 mbar

3

region is thought to be caused by thermal waves © propagating upward

1n response to the very large diurnal surface temperature variations.

3d

Mars' exogpheric temperature~ is lower than Earth's because the

dominant molecular constituent is CO2 instead of Né.
Venussf'h (also dominantly 002) shows about the same exospheric

tem.perature3g as Mars, however the surface temperature is ~700 °K due to

the greenhouse effect, Cloud decks mantle the planet and we cannot see



below them in the infrared., These examples demonstrate that considerable
contrast exists in planetary kinetic temperature profiles, which enables
ug to use infrared spectroscopy to probe the temperature and abundance

profiles remotely.

Line Formation in Planetary Atmospheres

An exbernal obgerver viewing & remote atmosphere from the top,

m

at wavelength 3, will "see" into the medium to about one optical
depth. The emergent thermal radiance at 3 will be given aporoximately
by the Planck function for the temperature (T) of that region where the
optical depth i1z about one. Since the optical depth depends strongly
on ) through the presence of spectral lines, the observer will "see'
deeper into the atmosphere in regions of weak abscrption, less deeply
in regrons of strong absorption. Then if the temperature varies with
albitude ,intensity contrast, i.e. spectral lines, will appear as a
function of 3, and their intensity profiles may be analytically inverted
for extraction of the atmospheric temperature or abundance profiles.
These considerations are made quantitative in the following way.
Consider a thin slab of gas between Z1 and. Z2 and ealeulate the
upwelling radiance from it (Fig. 2). Neglecting cloud effects and

multiple scattering, the emergent contribution from layer (L) will
beQ,h

ax, GL(\J,T) B, (v,T(P)) T 5)

where

I

= (v,T) = the emissivity of the layer,

B, (v,(P))

the Planck function at temperature (T),
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7. = the integrated transmittance from
the layer to the observer
- I K ndzd - I X du
Y —e Y

L. = 6)
where
Kv = the absorption coefficient (cm?) at
frequency v,
n = the mmber density-(cme) at height Z (cm).
u = the column density (molecules/cm?) )

The total emergent Intensity will be
Ingp (V) = €4(9) Bo(vsIg) Tq(v) + z €L () B (v,2(®)) 7. )

The first term on the right-hand-side represents the fransmitied
surface contribution and the second term the summed contributions
from each layer of the atmosphere. Now

€L(v,T) = l—TL(v,T) ~K, du

‘rf‘TL7~ 1. Thenegn—¥—can—he-written-

Typ(¥) = €g(9) Bg(nTg) g0 + [ T B (v ar 8)
S

Eqn 8 expresses the emergent spectral intensity in terms of
physical parameters of the source (TS,ES, T(Z), P(Z)). However, we
really hope to determine the source paraméters from the observéd
spectrum, 1.e., given the observed intvensity as a function of wave-
length, and the molecular line parameters, find the atmospheric

temperature profile and constituent profile by inversion of egn 8.



For a gas which is umiformly mixed, the pressure is usually

taken from

_Z/
H k! .
., € , B ===, the scale height 9)

P=P

and the problem reduces to finding T(Z). Altermately if T(Z) is known,

the partial pressure of a gas having sources and sinks (e.g. O, on

3
Earth) may be determined as a function of altitude. Obviously, the

gquality of the inverted profile is limited by considerations such as

the signal-to-noise ratio on T (v), and the accuracy with which

TOT

molecular line or band paramebers are known.

The absorption coefficient integrated over the line is given
byS

3
I K dy = 8 ¥ S N SXP (_(EV'+ ER)/kT)
v 3he gy QPQV

where SLu is the quantum mechanical line strength, g& is the degeneracy
of the lower state, N is the gas column density (molec/cm?), th and
QV’ are the rotational and vibrational partiticon functions, and ER
and EV are the rotational and vibrational energies in the lower state.
The line strength is related to the transition dipole moment (p) and

the state wave functions by

8y, = 1<¥ lule, > 11)

The absorption coefficient at a given frequency is related to the

integrated absorption coefficient by the line shape factor b(P,T,v)

K, = P(B,T,v) [ K dv 12)
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where

J »(®,T,v) dv = 1 by definition.

The exact form for b(P,T,v) depends on the physics occurring in the
mediumg. A convenient technique for evaluating b(P,T,v) is to divide
the line i1nto a direct contribubtion near line center and a wing contribution.
The direct contribution is caleculated from a Voigt profile (mixed Doppler
and Lorentz broadening) and the wing profile is calculated from a

Lorentzian. Thus near line center the line shape function is,

1/2 o 7
b(P,T,v) =a-35 (—1‘%2-) %j‘_m m at 13)
where
Y =% (en 2, 1h)
x = E%\@—)— (2n 2)Y2,

and.aL and.ab are the half-widths at half maximuwm for Lorentz-and

Doppler-broadened lines.

1/2

oy = 3.58 x 1077 w(z/m) Ha. 15)

_The wing line shape function is calculated from

aL
b(P,T;\)) = ) 2 16)
T u-vo) +‘GL
where
m

T

- P _y (0
aL - aO (PO ) T) 17)

where To and Po are the reference temperature and pressure for which

o was measured and m ~ 1/2. In this formalism, k is symmetric about v, and
therefore it does not apply when pressure induced shifts ox line shape
asymmetries are important. The successful inversion of

eqn 8 is dependent on adequate knowledge of the molecular line

parameters. 8



A considerably simpler calculation results when atmospheric
radiance contributions éan be neglected, as is the case for solar
absorption measurements of telluric lines. In this case TS >> IA and
(for weak and moderately ¢irong lines) the relation of obgerved and synthetic

transmittances ‘»volves only the ZLSJG term on the RHS of egqn 9.

Applications to Planebary Abtmospheres

Presuming that accurate line strengths, temperature profiles, and
molecular constants exist, the expected transmittance can easily be
calculated line by-line. The most comprehensive applications of this
procedure have been carried out in pursuit of Fourier
transform spectroscopy (FTS) or grating spectroscopy of the planets, where
a very broad frequency range is measured with spectral resolution
~ 1L cmfl to ~ 0.1 cmfl. An example is given in Fig 3 where the measured
Venusian spectrum is compared with the calculated synthetic spectrum
from 750 - 1000 cm Y for a model which includes lines of €O, and a

1,50, haze.

Agreement between the observed and synthetic transmittances
is impressive. The spectral resolution is sufficient to resolve the
bands into individual ro-vibrational lines, but i1t is not sufficient to
resolve the intensity profiles of individwal lines. Thus ilnversion

can only be carried out for very strong bands, e.g. 1n

the Q-branch of CO, at 791 em T and the 667 om ™ v, fundamentdl.

An entirely new class of physical information s obtained when

lines are measured at sub-doppler resolubion. Townes and his co-workers



first observed lines of the 10.6um bands of 002 on Venus with an infrared
heterodyne spectrometer (IRHS) and discoverea that although the effective
conbinuum temperature in this region is ~ 23CK (see Fig. 3), the center
of the lines contained an emission feature which came up to ~300 K
brightness temperature. The kinetic wirdth of the feature corresponded

to a temperature of ~ 180 X indicating that some non-thermal pump was
operating. They invoked absorption of solar radiation in Vgs 3v3,...

with optical trapping and subsegquent cascade in the v —2v2 band to

3
explain the non-thermal emission. Observations made by our group

indicate that for some lines the central emission peak consists of a
combination of thermally radiant and non-thermally radiant contributions
(Fig. 4). Inversion of the thermally radiant portion, using the techniques

3h

described earlier, indicates a mesospheric temperature inversion™ in

2 %o 1o"h'nmar region (see also Fig. 1).

the 10
Precise measurements of the doppler shifts of ‘these narrow
features have been used by Betz et a19a to derive wind velocities

in the high altitude regions (80 km) where these lines are formed.

The derived values are ~. 10 m/sec retrograde, much smaller Ghan

the ~ 100 m/sec velocities derived for lower altitudes from Pepsios

measurements by Trauvb and Carleton,lo and independently from the

ultraviolet cloud motion studies of Mariner 10.ll Recent measurements

on 1301602 lines, formed deeper in the Cyktherean atmosphere, are

in good agreement with the Pepsios results.gb
FIS provides broad simultaneous wavelength coverage at moderate

spectral resolving power while IRHS provides narrow simultaneous wavelength

coverage at very high resolving power. As illustrated by the Cytherean results,

10
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FTS and IRHS are complementary techridues which together can provide
a very complete picture of the spectroscopy and physics involved.
The complementarity of FTS and IRHS is further illustrated by
observations of Mars. The atmosphere of Mars consists of CO,, Né,
Ar, various isotopic variants and other trace species (Table TI).

The Mariner 9 spacecraft carried an FIS into orbit about the planet
in 1971 and infrared spectra were measured from 2000 - 200 cmﬁl

-1 . .
at ~ 2 cm  resolution over a period of many months. An average

of 17W7 spectra is gompared with the synthebic spectrumjb

in Fig 5.

Bands .of 002, Héo, and silicates

are evident in the spectra. I\d'aguire'12 has derived upper limits for

minor constituents from these data (Table IT). While the vy - 232

(10.6pm) bands are barely visible on this plot scale, a heterodyne
spectrum of the P14 line shows remarkably deep and narrow lines with

a non-thermal emission spike at line center (Betz et alB, Fig. 6).
Inversion of the prm.CO2 (vg) band in the IRIS spectra allowed exbtraction
of temperature profiles from the surface to ~ 50 km. Temperature fields

were measured for nearly the entire planet, from which global winds were

determlnedTb.

Principles of Heterodyne Spectroscopy

The techniques and advantages of interferometric spectrometers

are widely understosd, but infrared heterodyne spectroscopy is relatively
new. It is an extremely powerful tool worthy of some detailed discussion,

The concepts and much of the instrumentation are borrowed from radio

astronomy where heterodyning has been used for decades.



Infrared heterodyne detection is achieved by allowing radiation

from a coherent local oscillator (field, E0 eiwot) and from a source
. iw b . .

(field, E e s ) to illuminate a non-linear detector (photo-mixer).

Classically, the total local field is

- 20,6 Clwek
E = EO g o +-ES g s, 18)
and the electrical signal output is
EX E=E * E + & *.E ) L
=E E s Eg *2E  E_ cos (w, - os) t 9)

where the cross-term is the instantaneous IF heberodyne signal, and

W - W, = 20)

18 the intermedirate freguency. The relation between the source spectrum
and the IF spectrum 1g shown in Fig. 7.

For a given local oscillator frequency, a rangs of source frequencies
1n the upper and lower detector sidebands will be efficiently mixed and
will give corresponding IF signals. The upper limlt to this range of
I frequencies is gset by the frequency roll-off of the detector/pre-
amplifier response. Wor the best HgCdTe detectors, this can be in

ls””Tﬁ€”§Iﬂébands are rtolded at the IF and S0 4 ” -

“excess of ~1.5 GHZ.
given rf filbter contains contributions from both-upper and lower
sidebands (Fig. 7). The slope of the continuum is greatly exaggerated
in Fig. 7; at these high resolving powers the continuum is essentially
flat. A multiplex advanbtage is obtained by simultaneously sampling
the IF range with a set of consecutive rf filters (so-called filter
bank) as deseribed later. The source spectrum 1s measured simultaneously
over some frequency range (~ 1000 MHz) by the filber bank. Tuning the

rf local ogcillator positions the filter bank with respect to the zero



of IF, §Spectral scanning over ranges wider than the detector bandwidth
requires a tuneable infrared local oscillator.

If the IF is passed through a radio frequency filter of bandwidth
B (Hz), then passed through a second square law detector and time-
averaged for time T (sec), the noise equivalent spectral intensity in

the shot-noise limit will be given by
NEF = A photons

’Jﬁr sec Hz

where A is the total degradation factor due to system losses. The
14,15

21)

varicus losses are discussed in detail elsewhere, Careful
attention to details of {he optical and electronic design can result
in A & 25 at the present time. The system discussed in this pap_er:lLL
has a meagsured A = 27.

Molecules 1n local thermodynamic equilibrium (LTE) cannot radiate
intensities (photons/sec Hz) greater than the Planck function for that
temperature, corresponding to the optically thick case. Absorption
lines are normally measured against some continuuwm black- or grey-body
emitter such as the sun (telluric lines), planetary surface (e.g. Mars,
Fig. 5) , atmospheric continuum (e.g. Venus, Fig. 3), or laboratory black-
pody source ( gas cell measurements). Thus, for both absorption and
emigsion, detection of the Planck function provides a good measure of

the practical usefulnegs of heterodyne detection. The spectral radiance

(photons/sec Hz cn? sr) of a black-body is given by

2 ohobons
R = 22)
XE(ehv/kT_l)

sec Hz cm? ST
The etendue of heterodyne receivers has been discussed in detail
by Siegmanl6 who showed that
2
Ae fﬁ ~ A s 23)
13



the so-called antenna thecren. Ae is the effective aperture and QA
1s the beam solid angle defined as in usuwal antenna theory. The
principal advantage of uging telescopic optics is thus to decrease the
field~of-view, i.e., for viewing gpatially small source regions, and
heterodyne receivers are usuvually matched to the diffraction limited

field~of-view. According to egn's 22 and 23, the spectral intensity

(F) collected in the heterodyne field-of-view is

2 photons 2li)

P =
ehv/kT_l gsec Hz

This spectral intensity 18 shown in Fig. 8 for various black-body source
temperatures. The limik, S/N = 3, 1Is shown for experimental parameters
AT =27, B =25 MHz, and T = 400 sec and indicates the range of
temperatures for which heterodyne spectroscopy is sufficiently sensitive
to measure atmospheric lines at sub-doppler resolubions with reasocnable
integration times.

Some provision for wavelength tuning is needed in order to do
gspectroscopy.._ Continuously tuneable lasers are moght degireable gince
a particular molecular line can then be preselected for study on the
bagis of line strength, spectral purity. and minimum dependence on
rotational temperature, and the line can be optimally positioned in the
filter bank, In addition, a tuneable infrared laser and a single channel
receiver can be used as a tuneable spectrometer directly. This hasg
the advantage of reducing sideband overlap problems .but the multiplex

advantage is lost. Grating tuned gas lasers enable selected wavelength

intervals to be measured and, 1f care iz exercised in choosing the

1k



laser transition, remote sensing of some molecules having lines within

~ 2 GHz of the laser trangition is possible. Semiconductor diode

lasers appear to exhibit considerable promige for use asg local ocscillators,
but so far have only been used in two cases for field measurements.17’18
Their output wavelength can be composition tuned to a particular spectral

region and then fine-tuned by current, heat sink temperature, or magnetic

field variation.l9 Representative tuning ranges are illustrated in

Fig. 9 (after Ref. 19), however sufficient power for local oscillator use

is available only over a much more restricted range.

The optical and electronic design characteristics of the Goddard Space
Flight Center 002 laser heterodyne spectrometerlLIL are illustrated in Fig.
10. Two modes of operation are shown - the remote sensing and the
laboratory mode. In the remote sensing mode, signal (8) from a telescope
is chopped against a reference (R, a calibrated black body, cold source,
or sky) with a bow tie mirror chopper. The load chopper is used only
for calibration and for atmospherirc observation. TFor astronomical ob-
servations (planets, stars, nebulae) the sky chopper is used to switch
the beam ~ 1 arc minute off the source every other half cycle. The
chopping frequency is 23 Hz. The signal beam is combined with a
matched 002 lager local oscillator beam at the IR beamsplitter and
then both beams are focused onto a HgCdTe photomixer with a telescope-
matching lens. The IF difference frequencies are amplified and fed into
the spectral line receiver where integration and synchronous detection

take place. For astronomical viewing, visible - IR beamsplitters at

the telescope output and at the IR detector permit visual guiding and

15
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alignment wsing crossline reticles and eye-pieces. The laboratory
mode of operation is utilized for fundamental measurements of line-
center frequencies, line-shape parameters, and line strengths. In
this case, the signal beam views a suitable reference while the radla-
tion from a black body source is focussed through a sample gas cell
(NH3 in Fig 10), superimposing absorption 1lines on the continuum,

The remaining optical paths and operation of the system are identical
to the remote sensing mode and an absorption line can be observed

(see Fig 11). Iane center frequencies for 11 lines of NH3 (ve)

in close overlap with 002 laser transitions have been measured in this

20
way ~ (Table ITI) and used to improve the accuracy of the inversion splitting

constants for the vy = 1 level.el As we_shall see, these accurate line

frequencies also enabled a gearch for Jovian auroral emissions in the
~band..
Vp n

Laboratory Abgorption Spectroscopy with Tuneable Semi-conductor

Tagers

While absclute line strengths, line shapes,'and line broadening
parameters may be measured with a heterodyne spectrometer, it is often
more convenlent to use a tuneable laser as an actlve source for direct
abgorption experiments. Two principal problems exist in using tuneable
lagsers for intensity, line shape, and line frequency measurements.
The first relates to intensity measurements. The precision with which
line intensities may be meagured is about 1:104, however the accuracy
of guantum mechenical line strengths is limited by the accuracy with which the

gas column density is known. The cell length may be known to very

16
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high precigion, an which case the absolute pressure measurement

limits the accuracy of absolubte experimental line strengths. Relative

line strengths can be measured directly to ZI_:lOLF without Rnowledge of the
column density, and guch precision intensity measurements on fully resolved
lines will be a major advance in infrared spectroscopy. The second

problem in direct absorption measurements is that of frequency calibration,
for which heterodyning provides a very accurate measure of line frequencies.
Accuracies of t 1 Mz are routinely possible, and accuraclies of + 100 kHz
are feasible using TLamb-dip stabilization.

A laboratory system utilizing heterodyne frequency calibration is
illustrated in Fig. 12. In principle, both the CO2 laser and the diode
laser could be separately Lamb-dip stabilized, but in practice the dicdes
available so far do not have sufficient power to saturate the transition
in the experimental gas. The tuning range of a single diode laser used
in our laboratory is indicated in Fig. 13. Fregquency stabilization to

23

~5 MHz 1s achieved by temperature controlg2 and vibration isolation .

Spectroscopic studies of C CF C&e,

3% 3°
in our lab. An example of a Q-region (923 cmfl) of CFéC%e 18 shown in

and H’eo2 are presently underway

Fig. 14. The etalon transmssion fringes below give a first order calibration

good to ~ 30 MHZ (~ 10_3 cm.—:L

). In the past few years, many papers
have been published of high resolution spectra using TDL's, but
relatively few have deduced molecular constants from the data., A list

of reduced spectra is given in Table 1IV.

17



Further Applications Lo Planetary Spectroscopy

With this background in the experimental aspects of heterodyne

spectroscopy, let us examine further applications to planetary atmospheres.
As mentiofed earlier, Solar abidrplich méasuraménts of Telluric ITihes —
can be carried out at much higher signal-to-noise ratio than self-

emission studies due %o the higher source brightness. Observed (FIS) and
synthetic transwmittances of some telluric lines are shown in Fig. 15.Ta
The model in this case inclvaed a line by-line calculation for a multiple
layered atmosphere consisting of COE,Os,HéO,NéO, and CHh' Heterodyne
measurements of the atmospheric R8 line of 002 near 10.3um are shown

in Fig. 16. 2h The measured line profile was inverted?e using the

known temperature profile and resulted in an albitude profile for 002
which is wniformly mixed o ~ 50 m at a volume mixing ratio of

~ 3 x 10_4, in good agreement with independent results. The reburned
altitude profile was then used to model the RG atmospheric line, with

2L
the results shown in Fig. 16. Simlar modelling has been carried out

to determine the accuracy wibth which vertical proiiles of O3 can be
retrieved from heterodyne measurements, with the results shown in
Fig. 17. An interesting criterion is the minimum
detectable mixing ratio for trace constituents in the earth's
stratosphere. The minimum detectable column density (optically thin
case) is given by

(NEF) Het

_ . v
Uin % B (T ) Unin ~ Yuin VT 25)
v vV ‘Tgolar

where q is the mixing ratio, and Uy, is the total gas column density

18



along the path. Taking B =5 MHz T = 1000 sec, and A = 30, with a
20 ¥m path length, k_ ~ 50 for § ~ 1 emt (em atm)—l, we have for the

- A . v
minimm detectable mixing ratio (qmin)

9V, ~2 % 10712, 26)

This detection limit is compared with the abundances of some stratospheric
minor constituents in Fig. 18. The detection limit may be lowered by
~ 20 1f nearly horizontal viewing paths are used.

Turning finally to the planet Jupiter, those molecules known to
exist i1n the Jovian atmosphere are listed in Table II. Because of the
low atmospheric temperatures, heterodyne detection of atmospheric
thermal lines 1s difficult. However, Jupirter is known to have extensave
radiation belts and shows extensive decametric radio activity, modulated
somehow by one of its moons, Io. Precipitating electrons
should give rise to non—thermalNH3 avuroral emissions %f
sufficiently energetic (~ 1 Mev) electrons
penetrate to levels where NH. exists in copious guantities. A search

3

for non-thermal NH3 emigsion was rewarded by clear evidence for
detection of auroral emissions25 (Fig. 19). The evidence is strong:

(1) two transitions of NH3 were detected, (2) the excitation temperature
is much greater than the kinetic temperature, (3) the emission is

seen only from the polar regions, (&) tuning the »f oscillator shifts
the line, (5) the lines were detected at the correct doppler shifted
fregquencies. Evidence for detection of microwave emission of CHﬁ in

coincidence with decametric activity was also recently reported by Fox

. 2
and Jennings. 6

19



Sumary

Fourier transform spectroscopy and infrared heterodyne spectroscopy
are highly complementary tools for remotely probing planetary atmospheres,
Because the spectral resolving powers are widely different, the two techniques
probe different alltitude regions of the atmosphere and together can provide
a more complete determination of the physics and chemistry. The use of
Cog—based heterodyne spectrometers for sub-doppler planetary spectroscopy has
already provided insights into an additional class of physical phenomena.
Tuneable infrared local oscillators will enable the full power of heterodyne
spectroscopy to be applied to these problems, Tuneable semiconductor
lasers have made absorption spectroscopy at a spectral resolution of
10 © cm — a routine lsboratory tool.Infrared spectroscopy is thus moving
into new domains, offering the opportunity for substantially eliminating

experimental uncertainty in line positions with a concomitant increase

in accuracy of absolute intensities and of molecular constants.
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Table I
EFFECTIVE TEMPERATURES:

Mean Dastance Local Seolar

from sun Flux 10 Effective Temperature (K)

Planet {10% km) erg em 25"l Albedo  Predictedd Observed Ref

Mercury 57.9 9.08 0.056% 505¢ h 1g

Venus 108.2 2.59 0.72% 238 24018 14

Farth 149.6 1.36 0.30° 25k4.5 24,3  1b

Mars 227.9 .59 0.16% 228 ~228T 14

Jupiter 778.3 .050 0.45° 105 1274 1d

Saturn 1427.0 .015 0.61° yal 8542 1d

Uranus 2869.6 .0037  0.35° 68-575 5842 le

Weptune 4hob .6 .0015 0.35c 45 55.51#.3 1f

Pluto 5900 .00087  0.145% Lo -

a) Ref la.

b) Ref lc.

¢) Ref. 1b and references cited therein.

d) Ean. 3, g = 5.67 x 1077 erg e 2 K_u gea >

e) Calculated assuming reradiation from one hemisphere only, because of
Mercury's unusually slow rotation and lack of atmosphere. Mercury's
orbital eccentricity is very large, leading to commensurate variations in T,.

f) Mars' large orbital eccentricity causes a significant variation in effective
temperature ,over an orbital pexriod. The observed temperatures satisfy
Te ~ 282R"1/2, where R 1s the Mars-Sun distance in A.U. and 1 A.U. is
the mean Earth-Sun distance.

g) Uranus® rotation axis lies nearly in the ecliptic plane, therefore the
effective reradiating surface may vary from only one hemisphere to a
full sphere as the planet moves 90° along its orbit.

h) Far infrared observations show general agreement with predictions, but

the measured effective temperatures vary greatly since the ground-based
observer never sees the full sunlat hemisphere. Infrared measurements
on the Mariner 10 spacecraft .showed the surface temperature to be
~100K at local midnight (Ref lg).
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Table IT

Atmospheric Composition of the Planets

Venus
co, (dominant, ~ 100%)
CO, HCL, HF, Hy0
5,50,

Mars

L

12002 5%, Ny 2,6%, Ar 0 1.6%, 0y 0.15%

13002, 120160180, 120170160

i
A‘r%, Kr, Xe, 1\111*/1\115 , Ar O/Ar36
H20, co
O3 (uv detection)
Upper Limits for:
C2H2 ,CEHI-!—,CEH6’CHJ-!<DNQO’N02 ,NH3 _-)PI‘I3 ,SOQ ;OCS k)
HéS, O

Earth

N, 78.1%, 0, 20.9%, Ar 0.9,

C0,, 50 580,50, , CR >N,0,H,0

NH., ,C0,H, 0, ,HCL,020,F11, FI2,...
Juplter

H, (vis), He (inferred)

NHé,CHﬁ

1
CEHE,CEHE,HEO,HD,CH3D,EH - 3CH4,Getho,HpN

Ref. 27

Ref. Ta

Ref. 3b, 28

Ref . 27

Ref, 12

Ref. 3a

Ref. 29
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Line Center Frequencies of Selected Vs N

TABLE ITT

H3 Transitions

TBA;\’II;%TION PREVIOE;_?ESULTSE' H:ETER%?ngNE RESULTS®
ar(1,1) 971,88204+0,0001 971.88224+0.00007
sQ(2,2) 967.73859+0.0001 967 . 736841:£0, 00007
aQ(2,2) 931.3336+0.001 931.33342+0,00012
sP(L,3) 887.878240.005 887.87683x0.00012
sQ(5,4) 966 ,2693110.0001 966 .26935+0,00012
aQ(5,3) 932 .99243+0.0001 932 ,99226+0,00012
aQ(6,k4) 932.6343+0,005 932.6358240,00030
aQ(6.,6) 927 .323440.00L 9L 7.3232310,00012
sQ(14,13) 954 ,581240.005 954 . 57840+0.0003k
2sQ(1,1) ohg, Lké2.40,005 o9, k73240, 00007
2s0(6,3) 938.7282+0.005 938.72850+0.00015

—————

a)

gee ref 20 and references cited thereim
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Table IV
MOLECUIAR BAND ANALYSES

USING TUNABLE DIODE TASERS

Molecule Band Frequency Reference
€30, vp * Vg 830 cm 30
€0, vy 55V 1580 31
C10 vy 850 3
CH3F v3 1050 33
NH3 Vo 1000 3L
SF¢ V3 970 35
50, vy 1150 36

UF6(v3),Osoh(v3),02H6(v9), and CHﬁ(vh) - Preliminary Analysis only,

see ref, 37.
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Fig. 1

Fig. 2

Fig. 3

Fig. U

Fig. 5

Fig. 6

LIST OF FIGURES

Representative kinetic temperature profiles for Venus, Earth, Mars,
and Jupiter.

Formation of spectral lines in a mulii-layered atmosphere.

Thermal emission spectrum of Venus after Kunde et al%i. The
gpectrum was measured with a Fourier transform spectrometer

at 0.2 em T resolution. A broad absorption near 900 et

1a attributed to HESOA haze and all lines are due to

various bands of 002. A computed synthetic spectrum is shown
displaced by 20 °k for clarity. The line marked R8 is shown 1in

Fig. 4 at higher resolution.

Intensity profile of the Venusian R8 line of CO, in the lO.hpm

2
band. The gpectrum was measured with an infrared heterodyne
spectrometer at 0.00016 cmfl resolution. The brightness
temperature at line center is ~ 310 OK and the symmefric
structure near line center is thought to originate in two
physically distant processes as discussed in the text.

Average of 1747 FTS spectra of Mars taken by the IRIS experi-
ment on the Mariner 9 Mars orbiting spacecraft (Hanel et al?b).
The synthetic spectrum is displaced for clarity.

Infrared heterodyne measurement of the P(1h) line of CO, in the
10.um band (after Betz et a18). The solid curve is the
synthetic profile expected for an atmosphere having 4.8 mbar
surface pressure and a 2 OK]Km lapse rate. The non-thermal
peak at line center is attributed to solar pumping in the near

infraredg.
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Fig., 7
Fig. 8
Fig. 9
Fig. 10

The relation between the source and intermediate freguency
spectra in helerodyne detection. Hypothetical absorption

or emission lines are shown superamposed on a thermal continuum
with greatly exaggerated slope. At these ¥esolving powers
(%/n 5,107) the conbinuum has essentially constant intensity.
Signals in che upper and lower sideband are folded with respect
to the local oscillator frequency and their sum is debected.
The width of an individwal filter is indicated by B.

The spectral intensities of black-body sources which £ill the
etendue (AQ ~ Kg) of a heterodyne receiver are shown as a
function of waveleungth. The intensities shown include both
modes of polarization. The sensitivity limt for S/N = 3

is shown for a present generation CO, system (9-11pm). Diode
laser local oscillators should enable exbension Tto the entire
wavelength range shown here.

Compositions of various semiconductor diocde lagers and the

wavelength ranges over which Jasing has been achieved (solid
bars, after Melngailais and Mooradianlg). Dashed bars indicate
the expected extension of lasing action.

Optical and electronic block diagram of the GSFC CO2 laser
heterodyne spectrometer. The reference black body provides
intensity calibration and a bright background source for
measuring absorpbion lines in gas cells. Either of two choppers
is used, depending on the observational mode., Principles of

operation are discussed in the text.
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Fig. 11 An example of a fully resolved molecular line profile

(I\IH3 sQ(5,4) measured with the system shown in Fig. 10.
The line is measured on the left at 5 MHz resoclution and
on the right at 50 MHz resolution. Calibration is achieved
by dividing the measured spectrum by one taken with an empty
gas cell.

Fig. 12 Schematic of a tuneable semiconductor diode laser absorption
spectrometer. The diode laser is ccoled by a closed-cycle
helium refrigerator, and a single spectral mode 1s gelected
by a grating. REbtalon frainges are supérimposed for rough fredguengy
calibration, and precisge freguency calibration s achieved by
heterodyning against a Jlamb-dip stabilized CO

2

Fig. 13 The tuning range of one semiconductor laser in frequency-

lager.

current~temperature space. The extreme versatility of this
widely tuneable device is indicated by the various gases having
fundamental bands within the tuning range.

Fig. 14 An example of semi-conductor laser absorption spectra measured
with the system shown in Fig. 12. The etalon fringes are
shovn in the lowest trace, the absorptien spectrum of CFEGL:2
in the middle trace, and the incident laser intensity in the
top trace (after Jennings, private commumication}.

Fig. 15 Solar absorption spectrum of the terrestrial atmosphere
measured with an FTS instrument (Kunde et alTa). The synthetic

gpectrum is digplaced for elarity.
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Fig. 16 Intensity profile of a terrestrial line (BB of COQ) measured
with the heterodyne spectrometer shown in Fig. 10. The
profilé reveals pressure broadened wings and a high altitude
doppler core. Inversion of the observed line shape allowed
extraction of the volume mixing ratio for 002 up to
50 Km 2™

Fig. 17 Results of synthetic profile analysis for retrieval of

altitude profiles of O A line profile was calculated

3¢
from the assumed altitude profile (solid line}, and was then
inverted to recover the altitude profile shown by the broken
2L . . ,
line. The initial guess used in the inversion process 1is
indicated.
Fig. 18 Detection limit for terrestrial atmospheric species by heterodyne

spectroscopy in the solar absorption mode, compared

with modelled volume mixing ratio profiles for some imporfant trace

species. Assumptions are given in the Text, Forthér improvemént of
~ 20 in sensitivity is gained by observing at nearly horizontal paths
Fig. 19 Detection of non-thermal NHB aR(1,l) emission from the
23

north polar region of Jupiter. The expected line position
after correcting for planetary doppler shifts is indicated
by the arrow. The »f local oscillator was tuned between the

two spectra by 100 MHz, and the NH3 line shifted accordingly.

The two filter banks did not overlap at this time,
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